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Abstract
Gas-Cooled Fast Reactors (GFRs) are among the GEN-IV designs proposed for
future deployment. Driven by anticipated plant cost reduction, the use of supercritical
CO2 (S-CO 2) as a Brayton cycle working fluid in a direct cycle is evaluated. By using S-
CO 2 at turbine inlet conditions of 20 MPa and 550 °C - 700°C, efficiencies between 45%
and 50% can be achieved with extremely compact components.
Neutronic evaluation of candidate core materials was performed for potential use
in block-type matrix fueled GFRs with particular concentration on lowering coolant void
reactivity to less than $1. SiC cercer fuel was found to have relatively low coolant void
worth (+22¢ upon complete depressurization of S-CO2 coolant) and tolerable reactivity-
limited burnup at matrix volume fractions of 60% or less in a 600 MWth core having H/D
of 0.85 and titanium reflectors. Pin-type cores were also evaluated and demonstrated
higher kff versus burnup, and higher coolant void reactivity than the SiC cercer cores
(+$2.00 in ODS MA956-clad case having H/D of 1). It was shown, however, that S-CO2
coolant void reactivity could be lowered significantly - to less than $1 - in pin cores by
increasing neutron leakage (e.g. lowering the core H/D ratio to 0.625 in a pin core with
ODS MA956 cladding), an effect not observed in cores using helium coolant at 8 MPa
and 500°C. An innovative "block"-geometry tube-in-duct fuel consisting of canisters of
vibrationally compacted (VIPAC) oxide fuel was introduced and some preliminary
calculations were performed. A reference tube-in-duct core was shown to exhibit
favorable neutron economy with a conversion ratio (CR) at beginning of life (BOL) of
1.37, but had a coolant void reactivity of +$ 1.4. The high CR should allow designers to
lower coolant void worth by increasing leakage while preserving the ability of the core to
reach high burnup. Titanium, vanadium and scandium were found to be excellent
reflector materials from the standpoint of koff and coolant void reactivity due to their
unique elastic scattering cross-section profiles: for example, the SiC cercer core having
void reactivity of +$0.22 with titanium was shown to have +$0.57 with Zr3Si2.
Overall, present work confirmed that the S-CO 2-cooled GFR concept has
promising characteristics and a sufficiently broad opion space such that a safe and
competitive design could be developed in future work with considerably less than $1 void
reactivity and a controllable Ak due to burnup.
Thesis Supervisor: Michael J. Driscoll
Title: Professor Emeritus of Nuclear Engineering
Thesis Reader: Pavel Hejzlar
Title: Principal Research Scientist and Program Director of the
Advanced Reactor Technology Program at the Center for
Advanced Nuclear Energy Systems (CANES)
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1 Introduction and Background
1.1 Gas-Cooled Fast Reactors
Studied intensively in the 1960-1980 time frame, Gas-cooled Fast Reactors
(GFRs) served as an alternative to the more mainstream liquid metal fast breeder reactors
under development worldwide. The reference by [Driscoll(3), et. al., 2003] reviews the
programs in the US by General Atomics (GA), in Europe and in the UK. Since then, the
GFR has received new attention with heightened focus on cost-reduction, passive safety
attributes, and the capability for special roles such as trans-uranics (TRU) burning. The
GFR was selected in 2002 by the Generation IV International Forum (GIF) as one of the
six candidates for further investigation and possible future deployment by 2025. [GIF,
2002] The advantages cited for the GFR included favorable properties related to safety,
sustainability, economics, proliferation resistance and physical protection. [Weaver, et.
al., 2004]
1.2 Supercritical CO2 Brayton Cycle
The majority of GFR concepts use a helium Brayton cycle with sufficiently high
core outlet temperature (>850C) to achieve high thermodynamic efficiency and provide
process heat for hydrogen production. These high temperatures, however, present
materials issues that will be difficult at best to solve. An aspect unique to this work is the
interest, driven by anticipated cost reduction, in the use of supercritical CO 2 (S-CO 2) as a
Brayton cycle working fluid. Using S-CO 2 at turbine inlet conditions of 20 MPa and
550°C - 700°C, efficiencies between 45% and 50% can be achieved with extremely
compact components using a simple cycle (single shaft, no intercoolers). This high
efficiency is possible because the compressor operates near the critical point of the CO2,
reducing the compressor work significantly. [Hejzlar, et. al., 2002] The relatively low
coolant temperature would allow designers to sidestep many of the materials issues
11
related to the high temperature reactors. Extensive analysis of the S-CO2 Brayton cycle
has been performed at MIT by Vasek Dostal. [Dostal, 2004]
1.3 Matrix Fuel
The principal focus is on evaluation of block-type fuels which are geometrically
similar to those of a prismatic HTR subassembly, consisting of hexagonal blocks with
coolant channels running vertically through them. In this case, however, the blocks are
of matrix fuel. This means that the blocks consist of a matrix metal or ceramic with fuel
dispersed throughout except for exclusion zones near the surface meant to keep actinides
out of coolant; the exclusion zones are not modeled in this work. This report considers
three types of matrix fuels; metmet, cermet and cercer. Table 1-1 defines this
terminology. Compositions of each are given in more detail in Chapter 2. Block-type
matrix fuel is of interest because of the added thermal inertia it provides, which together
with a modest power density of 100 KW/liter (about that of a PWR and half that of
historical GCFR designs) makes it easier to endure thermal transients and facilitates
passive decay heat removal. Previous work by [Kun(2), et. al., 2003] gives results of
screening of GFR core diluents.
Table 1-1. Definitions of matrix fuel terminology.
Fuel Form Matrix Material
metmet Metallic (U,TRU,Zr) Metallic (Ti)*
cermet Ceramic (U,TRU)C Metallic (Ti)
cercer Ceramic (U,TRU)C Ceramic (SiC)
*Actual materials used in this work shown in parentheses.
1.4 Coolant Void Reactivity
An important characteristic of any nuclear reactor and a primary focus in this
thesis is the effect of coolant density on reactivity. This can be quantified in terms of the
coolant void coefficient of reactivity. For two phase coolants, a useful expression of this
12
is Ap per % void, or, the change in reactivity for a given change in void fraction. In the
event of a LOCA in a gas-cooled reactor, however, depressurization would happen
rapidly and so the coolant void worth is conservatively taken to be the difference in
reactivity between fully pressurized and ambient pressure in the primary coolant system
(i.e. Ap for 100%o void). In this thesis, this value is called coolant void reactivity, coolant
void worth, and void Ak in order to avoid repetition, but these refer to the same quantity
and are given in dollars ($) or cents (). One dollar of reactivity is defined as being equal
to the delayed neutron fraction (fi); in this work B is taken to be 0.0035. One hundred
cents equal one dollar. The aforementioned equivalence in coolant void reactivity and
void Ak is appropriate because at k z 1, Ap Ak. Since the fully pressurized condition
results in gas densities much greater than ambient, the post-LOCA condition can be
approximated as a complete void (gas-free) rather than air at standard temperature and
pressure, thereby incurring an error smaller than the statistical uncertainty in the
computations. Although light water reactors are required to have negative coolant void
worth, the value is typically positive in fast reactors, especially those which are loaded
with or have bred a significant amount of 239 u.
There are several competing neutronic effects of voiding coolant in a fast reactor.
These effects can be separated into three categories; spectral effects, leakage effects and
coolant absorption effects. The spectral effects result from the loss of moderation by
coolant atoms and the subsequent hardening of the neutron flux spectrum. This shift in
neutron energy tends to lower parasitic capture cross-sections, but also lowers fission
cross-sections giving two competing effects on reactivity during a LOCA. Figure 1.1
shows the radiative capture and fission cross-sections of 239 Pu. In the energy range of
interest in fast reactors (>lkeV), the capture cross-section decreases significantly faster
than the fission cross-section as energy increases. This results in a net decrease in the
capture/fission ratio and thus the net spectral effect of a LOCA on reactivity in a fast
reactor with a significant amount of 239Pu present is positive. This effect is more
pronounced with sodium coolant than gas because the higher number density of sodium
accentuates the moderation effect compared to the much more dilute gaseous coolants
despite their lower atomic number.
13
The leakage effect of coolant voiding results from coolant near the periphery
providing some degree of neutron reflection. When coolant is lost, that reflection is lost
as well, providing a negative reactivity feedback mechanism. The leakage effect is more
prominent in LMFBRs and sodium-cooled reactors due to the higher number density and
larger mass of coolant atoms and is not typically prominent in helium-cooled fast
reactors. It will be shown, however, that the density of S-CO 2 is sufficient to offer a
significant leakage effect in certain cores.
The coolant absorption effect of voiding serves to increase coolant void reactivity
as the lost coolant no longer provides parasitic capture of neutrons. This effect is more
important in liquid metal-cooled reactors and has a very small effect in a GFR.
Another distinction of note is that in liquid-cooled fast reactors, local central
voiding can occur as a result of a power excursion giving rise to very large positive
reactivity insertions: on the order of several dollars. This is because the spectral
hardening effect is serving to increase kff with no enhanced leakage effect to counteract.
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1.5 Objectives and Organization of Thesis
In short, the objective of this thesis is to provide reactor physics analyses in
support of the design of a S-CO2-cooled fast reactor. The main subtasks of this objective
include:
* Continuation of screening studies by [Kun(2), 2002] to downselect core
materials based on their effects on neutronic performance.
* Neutronic evaluation of block-type matrix cores and comparison to other
possible fuel types (e.g. pin-type and tube-in-duct).
* Development of a core design capable of high burnup and having a coolant
void reactivity <<$ 1.
* Develop reactivity control scheme. This may include passive reactivity
feedback devices, control rods, reflector control, etc.
Following is a framework of how the report is organized. Chapter 2 introduces
the methodology used in the analyses reported in this thesis. A description of the codes
used is given along with a discussion of some of the sources of error in calculations.
Chapter 3 gives a neutronic comparison of materials for use in a block-type
matrix-fueled GFR starting with a comparison of reflector and matrix materials with
respect to coolant void reactivity and kff. Titanium and vanadium are identified as
particularly advantageous reflector materials and the sources of their favorable neutronic
properties are examined. Three matrix materials are compared using BOL and burnup
analyses. The neutron fluence on the reactor vessel is also calculated.
Chapter 4 presents some parametric studies performed on the matrix-type block
cores such as variation of the matrix volume fraction and core size. The prospect of
using a pin-type core is also evaluated here with a number of calculations related to axial
reflector height, coolant void reactivity with S-CO2 and helium, neutronic burnup
performance of cladding candidates, fluence calculations in cladding, use of oxide fuel
15
and power shaping in pin-type GFRs. An innovative tube-in-duct type of fuel assembly
is also introduced and some of its neutronic properties are investigated.
Chapter 5 discusses and evaluates some of the reactivity feedback mechanisms
(other than coolant void reactivity) in GFRs. Doppler, core expansion, and steam ingress
are examined as reactivity feedback mechanisms in leading candidate fuel types.
Chapter 6 investigates the feasibility of controlling reactivity with control rods
located in the reflector. Also in this chapter is a catalogue of passive reactivity feedback
devices that have been conceptualized at MIT and elsewhere for use in GFRs.
Chapter 7 describes some of the chemical compatibility problems between core
materials and S-CO2. This chapter serves as a summary of work done previously on the
chemistry aspects of this project and outlines a scope for some of the further analysis
required in this area.
Chapter 8 provides conclusions to the thesis and suggests future work on the GFR
project at MIT.
16
2 Reactor Modeling Methodology
2.1 Introduction
This chapter contains an overview of computer codes used for this work as well as
a general description of the reactor model developed for this study. The codes used in
this work were MCNP-4c, MCODE and ORIGEN 2.1. A detailed description of the
MCNP model used in this work is also given. Since the primary goal of this work is the
design of matrix-type block cores, the nominal block-type core is described in detail in
this section. Later in the thesis, the potential for use of pin-type and tube-in-duct fuel
assemblies will mandate descriptions of wholly different cores and these will be given at
the appropriate times. Variations on the nominal cores will take place throughout the
thesis and the figures and tables in this chapter will be referenced and differences will be
identified. A description of the method of simulating burnup in the core model is given
along with a discussion on some sources of error in the calculations.
2.2 MCNP Model
In this study, neutronic calculations were performed using MCNP-4c, a general
particle transport code developed and maintained by the Applied Physics Division at Los
Alamos National Laboratory and distributed through the Radiation Safety Information
Computational Center (RSICC) in Oak Ridge, Tennessee. [Briesmeister, 2000]
Computations were performed on parallel processors using the Echelon Beowulf cluster
assembled by Nathan Carstens for the Center for Advanced Nuclear Energy Systems
(CANES) in the MIT Department of Nuclear Engineering [Carstens, 2004].
Following is a description of the nominal MCNP model of a block-type matrix
core used in this work; minor variations on this model will be identified throughout the
thesis, often described by referring to differences with the tables, figures and descriptions
of the reference core model. In the case of large differences with nominal cases, for
17
example, in Section 4.4, the prospect of a pin-type core is investigated and in Section 4.5,
a "tube-in-duct"a fuel assembly is described and evaluated. In these portions of the
thesis, new tables and figures will be given to fully describe the relevant geometry and
compositions of reactor components. Figure 2.1 shows the arrangement of fuel, reflector
and shielding blocks in the 1/6 core model used and Figure 2.3 shows a horizontal cross-
section of how the entire reactor would be laid out. Note in this figure that only one row
of shielding blocks is modeled, a simplification that does not affect results significantly
and will of course not be the case when shielding calculations take place in Section 3.5.
Table 2-1 shows the parameters of the nominal block-type matrix cores. The effective
diameter of the core was 212 cm unless otherwise specified. Axial reflector regions were
present at the top and bottom of the core at a thickness of 100 cm. In previous work, -20
cm was found to be the maximum useful reflector thickness for a GFR such as this.
[Kun(2), et. al., 2003] Reflectors of thickness 100 cm should therefore give results
similar to smaller thicknesses (20-100 cm) and offer a worst-case thickness from a void
reactivity standpoint. Fuel blocks consisted of fuel dispersed in a ceramic or metallic
matrix with coolant holes occupying 25.7% by volume, while radial reflectors had
coolant holes occupying 10% by volume. Radial shielding blocks were modeled as solid
with no coolant holes at this stage of analysis.
The heavy metal (HM) consisted of natural uranium, plutonium and selected
minor actinides. The TRU enrichment is defined as the weight of plutonium and minor
actinides divided by that of total heavy metal. TRU composition was specified for each
case and consisted of 90 w/o plutonium and 10 w/o minor actinides. The plutonium and
minor actinide vectors were chosen to be approximately that of typical LWR spent fuel
after a cooling time of a few decades and are given in Table 2-2. The fuel portion of the
metmet core (that occupying 30% by volume of the metmet) consisted of 10 w/o
zirconium and 90 w/o HM of the above mentioned composition. For each fuel type,
ceramic and metal constituents were taken to be at 85% of theoretical density and S-CO2
coolant density was calculated at 20 MPa and 500 C.
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Table 2-1. Database for the reference block-based S-CO2-cooled GFR core model.
Parameter Value
Main parameters
Core power 600 MWth
Coolant S-CO 2
Coolant properties evaluated at temperature 500 °C
System pressure 20 MPa
Average core power density 100 kW/liter
Effective core diameter 212 cm
Fuel Block Geometry
Number 127
Dimension across flat 17.9 cm
Number of coolant holes per block 91
Diameter of coolant hole 1 cm
Volume fraction of coolant 25.7 %
Volume fraction of fuel/matrix 74.3 %
Core height 1.8 m
Fuel Block Compositions
Matrix volume fraction 70 %
Matrix materials Ti (metmet & cermet), SiC (cercer)
Fuel volume fraction 30 %
Fuel forms metmet - 10 Ow/o Zr, 90w/o (U,TRU)*
cermet - (U,TRU)C
cercer - (U,TRU)C
TRU composition 90w/o Pu, 10 Ow/o minor actinides*
Axial Reflector
Material To be selected
Height 1 m
Volume fraction coolant 6.5 %
Radial reflector
Material To be selected
Thickness 2 rows of blocks (30 cm)
Volume fraction coolant 6.5 %
Effective delayed neutron fraction Assumed 0.0035
*TRU enrichment is specified as mass of TRU divided by mass of TRU+U. U denotes natural uranium
** Refer to Table 2-2 for plutonium and minor actinides compositions.
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Table 2-2. Plutonium and minor actinide vectors at
beginning of life.
Plutonium (kg nuclide per kg plutonium)
238pU 239pu 240pu 241 u 242pu
0.01 0.63 0.29 0.01 0.06
Minor Actinides (kg nuclide per kg MA)
237Np 241Am 242Am 243Am 244Cm
0.30 0.645 0.00 0.051 0.004
2.3 Burnup Calculations
Burnup calculations for this work were performed using MCNP-4c and ORIGEN
2.1 using MCODE, a coupling code developed at MIT. ORIGEN 2.1 is a one group
depletion and radioactive decay code. Using the matrix exponential method of solving
systems of linear differential equations, it can perform burnup calculations for large
numbers of nuclides. [Croff, 1980] MCNP-4c is used to determine multiplication factor,
effective one group cross-sections for actinides and fission products, and neutron flux in
each fueled cell. MCODE then passes this information to ORIGEN 2.1 which performs a
burnup calculation that changes the fuel composition to reflect the next prescribed
timestep. A more thorough description and record of benchmarking MCODE is given by
[Xu et. al., 2002]. Fission products and actinides to be tracked using this method must be
specified explicitly at the beginning of a calculation. Fission product nuclides are entered
into the first MCNP deck as would any other material but at vanishingly small densities
(1 atom/cm 3 was used in this work). Tables Al and A2 in Appendix A show the fission
products and actinides tracked by MCODE in this work respectively, representing the
vast majority of nuclides of interest.
One source of error in this calculational method is the assumption of only two
bumup groups in the core. In Figure 2.3, the unit cells used to build a fuel assembly are
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shown (the small hexagons that make up the assembly). These unit cells have the same
cell number and thus they are defined with the same material composition in MCNP.
Each of these cells is treated identically by MCODE. In our case (depicted in Figure
2.1), two core regions (inner and outer) are present and so only two different fuel
compositions are present in the core at any given time step. For example, for the inner
core region, one group cross-sections and neutron flux are averaged over all of the
individual unit cells shown in the assembly (as shown in Figure 2.3) and across the entire
inner core region. MCODE transfers these values to ORIGEN and all of the cells in the
inner core are burned identically to reach next timestep. The same process occurs for the
outer fuel region (or how ever many different materials are specified). This introduces
some error in the method used for this work because the core is treated as if only two
different fuel material compositions are possible at a given timestep, whereas in reality,
the change in fuel composition would be dependent not only on which fuel zone it is in,
but where exactly in that fuel zone. Since there is no axial variation in fuel composition
during burnup, fuel, which would in reality be bred preferentially in the center of the
core, is spread out to axial uniformity. This tends to underestimate kff during burnup
because fuel is moved to the top and bottom of the core where its worth is not as high as
it would be in the center of the core.
Another source of error present in this methodology comes from using the "fill"
feature of MCNP. In generating the block fuel elements shown in the bottom of Figure
2.1, smaller hexagons are stacked together as shown in Figure 2.3 Each of the smaller
hexagons is defined individually and has a unique index. These hexagonal cells are
repeated many times to form the larger hexagonal assembly. In the case of a block-type
assembly, the cells do not completely fill the assembly as shown by the shaded areas in
Figure 2.3 and the "fill" feature in MCNP is used to extend the fuel material used in the
unit cells to the edge of the assembly defined by the larger hexagon. Because these filled
spaces are not cells, flux and interaction tallies do not include this space. Therefore, one-
group cross-sections and flux data sent to ORIGEN are slightly skewed. The filled areas
are shaded in Figure 2.3 and account for 5.6% of the area of the entire block and the error
is thought to be quite small.
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Figure 2.3. Horizontal cross-section of matrix fuel block as modeled in MCNP
with MCNP "fill" areas shaded.
2.4 Summary
In this section, the nominal block-type matrix cores are introduced and
diagrammed. At various points in the text, variations from these base cases will be made
to study the effect of certain parameters on the neutronic performance of the reactor. An
introduction to the computer codes used in this work was also given along with
references for the reader interested in seeking more information on their theory and use.
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3 Comparison of the Reactivity Effects of
Reflector, Matrix and Shielding Materials
3.1 Introduction
In this chapter, reflectors are evaluated with respect to initial multiplication factor
and coolant void reactivity. 25 different reflector materials were evaluated using these
criteria in each of the three matrix cores identified in Chapter 2 (metmet, cermet and
cercer). Three standout reflector options (titanium, vanadium and scandium) are
discussed in further detail. The three fuels identified in Chapter 2 are compared to one
another on the bases of coolant void reactivity, burnup performance, and required TRU
enrichment. A comparison is also performed between S-CO 2 coolant and helium, the
most commonly used coolant in gas-cooled reactors. A brief sensitivity study is also
presented as a check between cross-section sets JEF-2.2 and JENDL-3.3. Finally, a
calculation is presented showing that the fluence on the reactor vessel can be made
acceptable using shielding material of reasonable thickness. Some of the work in this
chapter is a continuation to materials screening work by [Kun(2), et. al., 2003]
3.2 Multiplication Factor and Coolant Void Reactivity
Analyses were performed to compare the best reflector material candidates from
previous studies using metmet, cermet and cercer fuels as described in Table 2-1. Table
3-1 shows initial kff and coolant void Ak in a 70/30 Ti/(U,TRU,Zr) metmet, a 70/30
Ti/(U,TRU)C cermet, and a 70/30 SiC/(U,TRU)C cercer core.* Titanium was used as the
matrix material for the cermet and metmet cases and SiC in the cercer case as some of
these materials were identified as leading performers in previous studies by MIT, CEA**
A/B notation gives volume fraction matrix (A) and volume fraction fuel (B)
Commissariat a l'Energie Atomique
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and ANL . Coolant void Ak values were calculated by postulating an accident in which
complete evacuation of coolant takes place rapidly, leaving atmospheric pressure in the
core. Since the operating pressure is so large (about 200 times atmospheric pressure), the
LOCA was modeled by complete removal of coolant atoms. Table A3 in Appendix A
shows the cross-sections used in reflectors for this comparison.
Table 3-1. Initial keff and coolant void Ak for metmet, cermet and cercer cores.
Ti/(U,TRU,Zr) Metmet Ti/(U,TRU)C Cermet SiC/(U,TRU)C Cercer
Reflector (18%/27% TRU) (20%/29% TRU) (21%/30% TRU)
Material
Initial kff Coolant void Ak ($) Initial kff Coolant void Ak ($) Initial kef Coolant void Ak ($)
Ti 1.05042 0.74 1.04126 0.28 1.05177 0.22
Ba2 Pb 1.05748 1.75 1.04263 0.81 1.03818 0.10
BaS 1.04598 1.66 1.03360 0.88 1.03220 0.25
Ca 0.99669 -0.94 0.99291 -1.27 1.00914 -0.58
FeS 1.05709 1.64 1.04508 0.63 1.04171 0.26
ZnS 1.05420 2.14 1.03902 1.20 1.03496 0.22
ZrSi2 1.09672 2.93 1.07581 1.83 1.06000 0.59
Zr3 Si2 1.10784 3.07 1.08423 2.21 1.06605 0.57
MoSi 2 1.07810 2.95 1.05851 1.67 1.04468 0.63
ZrS2 1.06598 2.42 1.05005 1.28 1.04165 0.11
Pb 1.11851 2.95 1.09644 1.72 1.07661 0.70
PbS 1.08216 2.28 1.06553 1.16 1.05582 0.30
TiS 1.05431 1.17 1.04335 0.47 1.04859 0.32
Ti5Si3 1.06987 1.51 1.05739 0.75 1.05697 0.30
TiSi2 1.07541 1.85 1.06174 1.10 1.05960 0.40
CaO 1.06682 1.80 1.05435 0.90 1.05164 0.47
UCnat 1.05018 2.00 1.03853 1.08 1.03929 0.59
S 1.01077 0.11 1.00303 -0.38 1.01105 -0.50
SiC 1.09695 2.01 1.08150 1.24 1.07190 0.55
TIC 1.08326 2.06 1.06929 1.30 1.06850 0.59
Fe 1.08458 2.33 1.06009 1.38 1.05484 0.55
Cu 1.08462 3.06 1.06612 1.93 1.05458 0.62
V 1.08236 1.71 1.06809 0.96 1.06356 0.25
TiAI 1.07521 1.52 1.06171 0.85 1.06432 0.36
Sc 1.04059 1.54 1.02925 0.39 1.03071 -0.07
TRU enrichments are given for inner/outer fuel regions respectively. Uncertainty in
keff= ± 0.00028, and uncertainty in coolant void Ak = + $0.10. Assumed = 0.0035.
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Required TRU Enrichment
The difference in TRU enrichments necessary for criticality is a point of interest
in Table 3-1. The required enrichments of the cermet and cercer cores are higher than
that of the metmet case. This is due to the displacement of HM by carbon in the cercer
and cermet fiels which lowers the HM density to 3.3 g/cm3 from 3.6 g/cm3 in the metmet
core. The cercer core requires more enrichment than the cermet core due to spectral
softening by the SiC matrix which raises the capture to fission ratio. Lower TRU
enrichments (for all but the lowest kff reflectors such as calcium) than used in these
comparisons are feasible for actual reactor operation for a number of reasons. In all of
the cases, the initial k1ff quoted here is likely to be higher than desired at BOL, so the
enrichments quoted in the table are about 1 to 2 percent high. Also, in the case of cercer
fuel, the core can be made much larger without significantly worsening the coolant void
Ak, further lowering the required TRU enrichment. Another consideration is that the
TRU enrichment quoted here is 90% spent LWR plutonium and 10% minor actinides, a
composition that is less than 70% fissile. Therefore, TRU enrichments in the low 20's
and a fissile content of less than 20% are feasible in a core of 70% matrix by volume.
The effect of matrix volume fraction on initial TRU loading is discussed further in
Section 4.2.
3.2.2 Results of Comparison
The results show that metmet cores exhibit high positive coolant void Ak for most
reflector materials. A SiC cermet core gives a coolant void Ak approximately $1 lower
than that of a metmet core using the same matrix and reflector materials. Cercer cores
exhibit lower coolant void Ak than cermet and metmet cores. This is because a great deal
of internal moderation in the fuel is present in the cercer core, thus when the coolant is
removed much of the moderation remains and the spectral hardening is not as significant.
Table 3-1 shows void Ak versus initial multiplication factor for the reflectors in
each fuel case. In all three fuel types shown here, there is strong correlation between kff
and coolant void Ak. This relationship suggests that the leakage effect of coolant voiding
is significant, and traditionally poor reflectors (low albedo) will give low coolant void
Ak. For example, calcium gives a very low initial koff and a negative coolant void Ak,
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3.2.1
and its relatively low number density and albedo of 54% indicate high leakage.
Conversely, lead gives high initial kff, high coolant void Ak and has an albedo of 89%.*
Therefore, a balance must be struck between coolant void Ak and reactivity penalty due
to leakage. From Table 3-1, a titanium reflector appears to be an attractive compromise
as it exhibits low void Ak with a modest reactivity penalty for all fuel cases. PbS, TiS,
FeS, vanadium and Ti5Si3 also appear to be interesting candidates. Zr3Si2 performs well
as a reflector from a kff standpoint, but it gives a high Ak void.
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Figure 3.1. Coolant void reactivity versus multiplication factor for various radial
reflectors on a Ti/(U,TRU,Zr) metmet, a Ti/(U,TRU)C cermet and a SiC/(U,TRU)C
cercer core.
3.2.3 Helium versus CO2 Coolant
Since the corrosion resistance of SiC in S-CO2 has not been evaluated fully, the
possibility of excessive oxidation warrants evaluation of using helium as primary coolant.
*Albedo values taken from [Kun, et. al., 2003].
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Several cores from the cercer case in Table 3-1 were re-evaluated with regard to initial
kff and coolant void Ak using helium coolant at 8 MPa and 500°C (vs. S-CO 2 at 20
MPa). Table 3-2 shows initial kff and coolant void Ak for a SiC/(U,TRU)C cercer core
using both coolants. With helium coolant, each reflector appears to give roughly the
same coolant void Ak seemingly regardless of the reflector material, suggesting that the
leakage effect of voiding is not as significant in helium coolant as with S-CO2. These
results also indicate that in a SiC cercer core, the void reactivity using S-CO2 at 20 MPa
is not significantly worse than that using helium at 8 MPa. However, this study is not
completely realistic as the volume percent coolant was kept the same for both He and S-
CO2. The comparison of helium and CO2 will be revisited in Section 4.4.3 for pin cores.
Table 3-2. Comparison of S-CO 2 and He coolant in a 70/30
SiC/(U,TRU)C cercer core with selected reflector materials.
Reflector C02 a  20 MPa He at 8 MPaReflector 5000C 5000C
keff Void Ak [$ kcff Void Ak [$
Ti 1.05177 0.22 1.04989 0.33
Zr3Si2 1.06605 0.57 1.06616 0.41
TiS 1.04859 0.32 1.04750 0.59
SiC 1.07190 0.55 1.07291 0.36
Pb 1.07661 0.70 1.07691 0.64
Uncertainties are equal to those reported in Table 3-1
3.2.4 Sensitivity to Cross-Section Sets
Up to this point in the analysis, actinides have been modeled using cross-sections
from JEF-2.2 Doppler broadened to 1000 K. Sensitivity to the selection of cross-section
set is evaluated here by comparison to JENDL-3.3 at 1000 K. Cross-sections were
generated using a script written at MIT by Gheorghe Chistol that calls NJOY, a Doppler
broadening code. The first test case used was the SiC/(U,TRU)C cercer core described
in Table 2-1 with titanium reflectors. JENDL-3.3 crosss-sections were used in the
comparison for all actinides, silicon and carbon present in the fuel and matrix; coolant
and other structures used JEF-2.2 libraries for both cases. Table 3-3 shows the results of
the comparison. Multiplication factor values were within 50¢ of one another and Ak void
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values differed by less than 20¢, but even such small differences in void reactivity can be
important if prompt criticality were approached.
Calculations were also performed using the titanium metmet case identified in
Table 2-1 with titanium reflectors in order to observe the sensitivity to cross-section
libraries in a higher-void reactivity core. In this case, only the cross-section libraries for
the actinides were changed. Table 3-4 shows the results of the calculations. The
difference in koff was $1.2 and the difference in void Ak was around 5, less than the
statistical error of the calculation. A more detailed analysis of sensitivity to cross-section
sets and verification of the NJOY script used to prepare them are left for future work.
Table 3-3. Comparison of results for a titanium-reflected
SiC/(U,TRU)C cercer core using two cross-section sets.
Library koff Ak void ($)
JEF-2.2, 1000 K 1.05177 + 0.00029 +0.22 + 0.12
JENDL-3.3, 1000 K 1.05358 + 0.00027 +0.04 i 0.11
|A | 0.00181 0.0004 0.18 0.16
Table 3-4. Comparison of results for a titanium-reflected
SiC/(U,TRU,Zr) metmet core using two cross-section sets.
Library kcff Ak void ($)
JEF-2.2, 1000 K 1.05042 + 0.00028 +0.74 ± 0.10
JENDL-3.3, 1000 K 1.05526 ± 0.00032 +0.69 ± 0.12
L A - 0.00484 0.0004 0.05 0.16
3.3 Neutronic Advantage of Titanium, Vanadium and Scandium Reflectors
As mentioned above, titanium is a favorable reflector material neutronically.
Light and strong, titanium alloys are often used in applications such as jet aircraft, race
cars, and prosthetic implants. [Ashley, 2003]. Titanium is also resistant to corrosion in
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air and water due to its formation of a thin inert oxide layer. These characteristics
warrant closer examination of its use as a GFR reflector.
In the energy range of interest for fast reactors, the total titanium cross-section is
dominated by elastic scattering which has a broad resonance from 48Ti (abundance 71.7
atom percent) that lies between 7 keV and 30 keV and peaks at around 100 b. Figure 3.2
shows the elastic scattering cross-section of natural titanium. The associated flux peak
and depression can be seen in Figure 3.3 for nominal and voided conditions in a titanium
metmet core. Although this spectrum is not calculated in the reflector, it shows that there
is a great deal of neutron scattering off of titanium in this energy range. In fact, the 7 to
30 keV energy window accounts for roughly 20% of all scattering in the titanium
reflector of a metmet core. As this core is voided of coolant, the flux-weighted average
neutron energy increases from 255 keV to 273 keV, farther from the titanium scattering
peak and the effectiveness of the reflector is thus degraded providing an inherent
reactivity feedback feature of the reflector.
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Figure 3.2. Elastic scattering cross-section of natural titanium.
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Figure 3.3. Neutron flux spectra in fuel for nominal and void coolant conditions in a
titanium metmet core.
In order to better observe this effect, three reflectors were compared using a
homogenized core model similar to that described in [Kun(2) et. al., 2003] but with a
titanium metmet core. These calculations showed that the albedos of iron and copper
remain nearly constant upon voiding coolant, whereas that of titanium decreases by 0.3%
during a LOCA. This change provides evidence that as the flux moves away from the
large scattering peak in titanium, more leakage is allowed providing reactivity feedback
as coolant is voided.
The scattering cross sections of vanadium and scandium are comparable to that of
titanium in magnitude and energy dependence in the 7-30 keV energy range (see Figure
3.4 and Figure 3.5). Used as a reflector, vanadium gives a slightly higher initial
multiplication factor and void reactivity than titanium. However, like titanium, vanadium
exhibits lower Ak void than other reflectors of comparable initial kff. Vanadium is a
common alloying constituent in titanium, and there should be no significant loss in
neutronic performance by alloying these materials for use as a reflector. Scandium
exhibits lower void than other reflectors of similar multiplication factor, but it also gives
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lower koff than both titanium and vanadium, possibly prohibitively low. Figure 3.6 again
shows multiplication factor versus coolant void Ak as did Figure 3.1 but only for the
cercer case for clarity. Titanium, vanadium and scandium are indicated on the figure
along with some other good-performing reflector candidates and a linear trend line is
plotted. The distance below this trend line is a metric for evaluation of the performance
of reflector materials with respect to kff and void Ak.
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Figure 3.4. Elastic scattering cross-section of natural vanadium.
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3.4 Burnup Comparison
Figure 3.7 shows the burnup behavior of the 70/30 Ti/(U,TRU)C, 70/30
SiC/(U,TRU)C and 70/30 Ti/(U,TRU,Zr) matrix cores described in Table 2-1 with
titanium reflectors. Clearly, the SiC cercer core outperforms the titanium cermet and
metmet cases. Figure 3.8 shows the neutron energy spectra of the SiC cercer and
titanium cermet cores. The titanium metmet is omitted for clarity, but is quite similar to
the cermet case with only a slightly higher peak in the 100-1000 keV range and a slightly
lower peak in the 1-10 keV range. Due to the presence of a great deal more internal
moderation from carbon, the SiC core has more flux in the lower energy region where
resonance capture in 238U is more probable. In order to further explain the superior
performance of SiC matrix material over titanium, the neutron balance reported by
MCNP was examined. Table 3-5 shows some statistics of interest. The ratio of capture
to fission events in 238U is greater in the SiC cercer than with titanium cermet and
metmet. Also, the percent of total neutrons emitted that are absorbed in titanium matrix
is much greater than that for SiC matrix of the same volume fraction. These factors
contribute to a higher conversion ratio (and smaller reactivity loss) in the SiC cercer core
than in the titanium cermet and metmet cores. After a burnup of 90 MWd/kg, the SiC
cercer core lost about $12 of reactivity. The SiC cercer appears to be neutronically
preferable to the metmet and cermet cores with respect to multiplication versus burnup
and coolant void reactivity.
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Figure 3.7. Multiplication factor versus burnup for a 70/30 Ti/(U,TRU)C, a 70/30
SiC/(U,TRU)C core and a 70/30 Ti/(U,TRU,Zr) metmet core. Cermet and cercer initial
TRU = 18.5% / 27.5% in inner and outer fuel regions respectively. Metmet TRU = 16% /
25%.
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Figure 3.8. Neutron energy spectra of a 70/30 Ti/(U,TRU)C cermet core and a 70/30
SiC/(U,TRU)C cercer core.
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Table 3-5. Selected statistics from neutron balance in
inner fuel region of titanium cermet, titanium metmet,
and SiC cercer cores.
Statistic i Ti SiC
metmet cermet cercer
2381J capture/ 5.2 6.76 7.85
238 U fission
Percent absorbed in 3.6% 3.9% 1.2%
matrix
BOL Conversion 0.76 0.75 0.85
Ratio*
3.5 Neutron Fluence in Reactor Vessel
In order to prevent excessive neutron embrittlement of the reactor vessel, a
fluence limit of 1 x 1018 cm- 2 at energies above 100 keV throughout the life of the vessel
was adopted, although values as high as 5x 1018 cm-2 may be acceptable with certain
steels. [Venkatesh, 2004] Vessel fluence calculations were performed to evaluate the
effectiveness of B4C shielding in a SiC/(U,TRU)C cercer core. A core thermal power of
600 MW was assumed with a lifetime of 60 years. Two rows of titanium reflector blocks
were used followed by four rows of solid (no coolant holes) 99 w/o enriched B4C in the
configuration shown in Figure 2.1. No coolant channels were employed in the shielding
at this point of analysis. The resulting thicknesses of the reflector and shield were 30 cm
and 60 cm respectively. Axial reflector and shielding regions were placed above and
below the core of the same material having a thickness of 70 cm. The maximum reactor
vessel fluence was 4.7x 1016 cm-2 + 17%, well below the limit of 1 x 1018 cm-2 . The
overall diameter of core plus shielding was 440 cm, leaving ample space inside a steel
reactor vessel of reasonable diameter for downcomer region, heat exchangers, etc. It is
important to note, however, that this is for the somewhat soft spectrum of a SiC cercer
core. Fluence with a cermet or metmet core would be higher due to greater flux in the
>100 keV region. Also, for a pin core such as the ones that will be described in Section
4.4, a harder spectrum would result and more shielding/moderator may be required.
* Conversion ratio is defined here as neutron capture rates in 238U + 24 0Pu divided by capture plus fission
rates in 235 U + 239 Pu.
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Heterogeneous combinations of absorbing and moderating materials should also
be studied to achieve tolerable vessel fluence in a more efficient way. Since much of the
neutron flux in a fast reactor is above the 100 keV vessel fluence limit threshold, it may
be useful to place a moderating material before the B4C layer. This would allow more
effective moderation of neutrons and stronger absorption by the 10B, saving a great deal
on boron enrichment costs. For example, the above configuration was evaluated using
three layers of ZrH2 followed by one layer of 99 w/o enriched B4C. This arrangement
gave a maximum vessel fluence above the 100 keV threshold of around half the value
obtained with 99 w/o enriched B4C alone, a significant reduction from the much more
expensive case of four rows of 99 w/o enriched B4C. A more rigorous analysis to
optimize shielding is left for future work.
3.6 Summary
With the lowest coolant void reactivity and longest reactivity limited burnup, SiC
cercer appears to be the best candidate of the matrix fuels evaluated here. The reactivity
during burnup, however, is not very promising if only 30% by volume fuel is used as was
the case in this chapter. In Section 4.2, the prospect of using more than 30% fuel in the
matrix will be evaluated from a neutronic standpoint. With respect to reflectors, a strong
correlation between multiplication factor and coolant void reactivity was observed. A
balance must be struck between acceptable void Ak, multiplication factor, and corrosion
considerations. Titanium, vanadium and scandium were identified as promising reflector
materials with respect to coolant void Ak and multiplication factor. It was also shown in
this chapter that for a SiC cercer core, the coolant void reactivity is not significantly
worse with S-CO 2 coolant at 20 MPa than helium at 8 MPa and the same temperature and
volume fraction. For neutronic calculations to be relied upon, it is crucial that the cross-
section libraries used are of known and benchmarked pedigree. The test cases in this
chapter suggest only slight differences in results between JEF-2.2 and JENDL-3.3 cross-
section sets. More thorough cross-section generation and benchmarking are in order and
are left for future work. It was also shown in this chapter that the neutron fluence on the
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reactor vessel during a 60-year lifetime can be held to an acceptable level using shielding
of acceptably small thickness.
39
4 Parametric Studies
4.1 Introduction
Several design options are evaluated in this chapter with respect to burnup
performance, coolant void worth, and power shape. First, variation of matrix volume
fraction and core size are studied as possible means of manipulating the neutronic
performance of the block-type matrix core. Because much development is still required
for the deployment of block-type matrix cores, the prospect of pin-type cores is also
analyzed. For the pin core, a neutronic comparison of three cladding materials, coolant
void reactivity under S-CO2 and helium, and the use of oxide fuel are evaluated. Three
possible means of shaping axial power are also identified and modeled. An innovative
tube-in-duct assembly is also identified and evaluated.
4.2 Effects of Matrix Volume Fraction
Fission product retention in fuel is an important issue in matrix core designs.
Early work suggested that in order to safely retain fission products, no less than 70% of
block structure by volume should be matrix metal or ceramic. [Kaufmann, 1962]
However, as shown in Figure 3.7, a flat reactivity curve with burnup may be difficult to
obtain with only 30% fuel by volume. Recent studies have suggested that a smaller
matrix material fraction could be used to successfully retain fission products. [Poette et.
al., 2003] Hence a comparison was made of keff versus burnup for 70, 60, and 50 volume
percent matrix in a SiC/(U,TRU)C cercer core. The effective core diameter was 212 cm,
H/D was equal to 1, coolant was S-CO 2 at 20 MPa and the reflector material was
titanium. Figure 4.1 shows the multiplication factor versus burnup to 150 MWd/kg for
these three fuel compositions. Initial TRU enrichments were varied to give keff values at
BOL of approximately unity and are shown in Table 4-1 along with selected other
neutronic parameters.
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Figure 4.1. Multiplication factor versus burnup for different ratios of matrix to fuel
volume in SiC cercer cores.
Table 4-1. Neutronic properties of SiC/(U,TRU)C cercer cores of varying matrix volume
fraction.
The core consisting of 60% SiC matrix by volume appears to give a fairly flat
reactivity profile to around 90 MWd/kg, while the 50% SiC matrix shows kff to increase
monotonically to this point. If a smaller volume percent matrix than 70% can in fact be
tolerated, 600, matrix may be a suitable value to give sufficient burnup in relatively small
S-CO2-cooled SiC/(U,TRU)C cercer cores. Coolant void Ak values for the 70, 60 and 50
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Matrx/Fuel TRUSpecific Power Void Ak ($)Volume Fractions (w/o in n er/outer fuel CR at BOL $0.10Volume Fract ions (W/gHM) + $0. 10
regions)
70/30 18.5 / 27.5 40.4 0.85 +0.22
60/40 15 / 24 30.3 0.97 +0.30
50/50 12.25 / 21.25 24.2 1.10 +0.27
-b-------------
.' . X . m v ".,
percent matrix fraction cases were +$0.22, +$0.30 and +$0.27 respectively. These values
do not show significant difference from one another given the statistical uncertainty of ±
$0.10, and are all well below prompt criticality.
4.3 Effects of Variation of Core Size
Two larger cores were modeled in order to flatten the reactivity swing through
lowering leakage and TRU enrichment. More rows of fuel blocks were added to create
these cores, and TRU enrichment was lowered to keep kcff at BOL near unity each time.
Figure 4.2 shows kff versus bumup for a life of 90 MWd/kg for the two cores. The
slopes of the curves are the significant feature of the plot, not their magnitudes. The Case
1 core had an effective diameter of 280 cm and the Case 2 core had an effective diameter
of 350 cm. The heights of the cores were adjusted to keep H/D-I and the power density
was held constant at 100 kW/1. The titanium reflector in Case 1 was replaced with the
higher reactivity SiC reflector for Case 2 in order to improve burnup performance since
coolant void Ak is not a significant problem in these cores. Both cores used S-CO 2
coolant at 20 MPa. Figure 4.2 shows that an increase in core diameter from 280 cm to
350 cm (core volume approximately doubled because H/D was held constant) has not
flattened the reactivity vs. burnup curve significantly. Both cases lose approximately $8
of reactivity during the 90 MWd/kg burnup, not a large improvement over the $12 loss by
the original 210 cm diameter core at this burnup. This suggests that a 70/30
SiC/(U,TRU)C cermet core could be scaled up or down in size based on requirements
other than reactivity swing, such as initial TRU enrichment, coolant void Ak or thermal
power requirements without degrading or enhancing breeding performance significantly.
This also suggests that for larger cercer cores, use of a titanium reflector over a material
such as SiC, which confers a higher kff, does not cause a significant reactivity penalty.
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Figure 4.2. Multiplication factor versus burnup for two sizes of 70/30 SiC/(U,TRU)C
core.
Case I - Core diameter = 280cm, H/D=1. Initial TRU enrichments 16% / 25%.
Titanium reflector. Void Ak =-$0.43 ± $0.10.
Case 2 - Core diameter = 350cm, H/D=1. Initial TRU enrichments 14% / 22%. SiC
reflector. Void Ak = +$0.17 + $0.10
4.4 Prospect of Pin-Type Cores
Since block-type matrix cores are in early stages of development and have not
been proven reliable at this point, it is worthwhile to evaluate the neutronic features of
pin-type cores. A pin core was modeled having similar structure to the 1/6 block-type
core model shown in Figure 2.1, only with fuel pins in cladding instead of coolant holes
through fuel blocks. Figure 4.3 shows a simplified vertical cross-section view of the pin-
type core. The radial reflector consisted of titanium blocks with coolant holes occupying
10% of the volume of the reflector as in the matrix cores. Axial reflectors consisted of
titanium pellets inside fuel pins at the top and bottom of the core. The active core was
comprised of 15%0/ cladding, 35% fuel, and 50% coolant by volume. In the nominal case,
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the coolant was S-CO 2 and the fuel was (U,TRU)C. The effective core diameter was kept
at 212 cm, and the power density for burnup calculations was kept at 100 kW/liter core.
As before, only one row of shielding blocks was used as the full set would be
computationally wasteful and would not affect the results presented here.
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Figure 4.3. Simplified vertical cross-section view of the nominal pin-type core model.
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Table 4-2. Database for the reference pin-based S-CO 2-cooled GFR core model.
Parameter Value
Main parameters
Core power 730 MWth
Coolant CO 2
Coolant properties evaluated at temperature 500 C
System pressure 20 MPa
Average core power density 100 kW/liter
Specific Power 26 W/gIHM
Fuel Assembly Geometry
Number of assemblies 127
Assembly width across flat 17.9 cm
Number of pins per assembly 91
Fuel outer/ Clad inner diameter (gap neglected) 1.17 cm
Volume fraction fuel 35 %
Cladding thickness 1.14 mm
Volume fraction cladding 15 %
Volume fraction coolant 50 %
Active core height 2.1 m
Cladding material ODS MA956', titanium, SiC
Fuel Composition
Fuel form (U,TRU)C
Smear density 85 % theoretical density
Axial Reflector
Material Titanium
Height 50 m
Cladding material Same as fuel cladding
Volume fractions 35 % reflector, 15% clad, 50% coolant
Radial reflector (block type)
Material Titanium
Thickness 2 rows of blocks (30 cm)
Volume fraction coolant 6.5 %
Effective delayed neutron fraction Assumed 0.0035
BOL conversion ratio * 1.20 (using ODS cladding)
* ODS MA956 composition is given in Appendix A.
** Conversion ratio is defined here as neutron capture rates in 238U + 240 Pu divided by capture plus fission
rates in 2 35U + 23 9p u.
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Validity of Single-Enrichment Calculations
In a final core design, measures may be taken in order to flatten the radial power
distribution by using multiple TRU enrichment zones and/or an out-in shuffling scheme.
For scoping analyses, however, use of a single enrichment zone gives suitable results for
neutronic comparison of coolant, cladding and fuel materials. It is important to verify
that valid results can be obtained in this way for the coolant void reactivity.
Changing the fuel arrangement from a two zone arrangement where the outer fuel
is more highly enriched to a single zone has two main effects on the void coefficient.
First, because TRU is essentially moved away from the periphery toward the center of the
reactor, the amount of plutonium required in the core for criticality is reduced and the
power production shifts slightly from plutonium to uranium. Since plutonium contributes
a great deal to a positive coolant void worth, this should lower the reactivity increase
during voiding. Second, moving to a single enrichment zone gives higher peaking and
lower leakage. Decreasing neutron leakage degrades the enhanced leakage effect of
coolant voiding, increasing coolant void reactivity.
In order to observe the net effect of these competing phenomena, a comparison
was performed in which two (U,TRU)C pin cores were constructed identically except for
the fuel loading. In one core the TRU enrichment was constant and set at 14.5%. In the
other core, inner and outer TRU enrichments were 13% and 18.5% respectively. The
cladding was ODS (Oxide Dispersion Strengthened) MA956 and the coolant S-CO 2 at 20
MPa and 500"C. Figure 4.4 shows the radial power profile of the ODS-clad pin core with
single and two-zone enrichments. Table 4-3 shows the resulting multiplication factors
and coolant void reactivity values for the two cases. This shows that the competing
effects of using radial TRU enrichment zones to flatten power have effectively offset one
another in the calculation of coolant void Ak. Because of this, cores with one TRU
enrichment are used for much of the following analysis.
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Figure 4.4. Radial power distribution of single and two-enrichment pin cores.
Table 4-3. Multiplication factor and S-CO2 coolant void Ak for single
and 2-zone enriched pin cores.
TRU Enrichment(s) ff Coolant Void Ak
Inner / Outer
14.5% / 14.5% 1.00041 ± 0.00024 $1.83 ± $0.11
13.0% / 18.5% 1.00096 ± 0.00032 $1.90 i $0.12
Determination of Axial Reflector Height
In order to determine how long an axial reflector to place in the pin core, it is
instructive to observe the effect on multiplication factor as the reflector is lengthened.
An ODS-clad pin core was used to vary the length of the axial reflectors leaving the core
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length and axial shielding length constant. Titanium was used for axial and radial
reflectors in the configuration described in Section 4.4. Figure 4.5 shows the
multiplication factor versus axial reflector height. An axial reflector height of 50 cm was
selected for further analysis, as the benefit from adding more length was diminishing at
this point. In previous work by [Kun(2), et. al., 2003], an adequate reflector thickness
was found to be around 20 cm. This was an evaluation of solid reflectors, whereas in this
case of an axial reflector in the form of pins, only 35% of the volume of the reflector
region is reflector material (titanium in this case), 15% is cladding and the remaining
50% is coolant. It is therefore reasonable that the reflector used here is more than twice
the thickness of that required for solid reflector material.
d r,OI. UO
1.006
,._
L0o
-
o
Q
3
2
1.004 -
1.002
1
0.998
0.996
0.994
0 10 20 30 40 50
Axial Reflector Thickness [cm]
Figure 4.5. Multiplication factor of an ODS-clad pin core versus height
axial reflector.
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4.4.3 Coolant Void Reactivity versus Core H/D
Coolant void reactivity can be adjusted in the design stage by a number of means.
Arrangement of the core into higher leakage geometries is a common approach.
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Increasing the leakage in a fast reactor exaggerates the leakage effect of coolant voiding
and can lower coolant void worth. [Waltar, et. al., 1981 ] One higher-leakage geometry is
called a "pancake" core; this refers to a core having H/D less than unity. This possibility
was evaluated by modeling (U,TRU)C-fueled pin cores of the dimensions shown in
Figure 4.3, but with varying active core heights. In this way, H/D was varied from 0.5 to
1.0. Since this changed the percent of neutrons leaked from the core, the TRU
enrichment had to be varied to obtain criticality in each case. Figure 4.6 shows the
critical TRU enrichment versus active core height. These enrichments were used in the
following analysis of coolant void worth.
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Figure 4.6. Critical TRU enrichment versus H/D for ODS-clad pin core.
Variation of H/D by changing core height was performed for pin cores of ODS
MA956, titanium and SiC cladding. Figure 4.7, Figure 4.8 and Figure 4.9 show coolant
void worth versus H/D for these three cladding materials respectively using S-CO2 at 20
MPa and helium at 8 MPa, both at 500C. It can be observed that void reactivity is
significantly reduced at lower H/D for S-CO2 coolant at 20 MPa while very little
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variation occurs in the helium-cooled cases. The beneficial effects of titanium cladding
with respect to lowering Ak void are also evident. Because S-CO 2 at 20 MPa has very
high density (1/7 that of water at room temperature) and a large scattering cross-section,
coolant near the periphery provides appreciable scattering of neutrons back into the core.
In this way, S-CO 2 serves as a reflector. As the coolant is voided, this reflection is lost
providing a negative feedback mechanism. Helium at 8 MPa has much lower density and
a lower scattering cross-section than S-CO 2 at 20 MPa, so that the enhanced leakage
effect of coolant voiding is not as pronounced. In a higher-leakage reactor (such as a
pancake core), the enhanced leakage effect dominates the coolant void reactivity and S-
CO2 has lower coolant void worth than helium at 8 MPa.
S-CO2 at 20 MPa has much greater moderating power than helium at 8 MPa. A
measure of moderating power is the mean logarithmic energy decrement (4) times the
macroscopic scattering cross-section (s). Elastic scattering cross-sections for both
coolants were calculated using MCNP in the SiC cladding case. S-CO2 at 20 MPa and
500°C had a 54s value eight times that of helium at 8 MPa and 500°C. In order to
observe the effect that this has on coolant void reactivity, a unit cell was constructed with
diffusively reflective boundaries on all sides. The dimensions were such as to give the
same material volume fractions as the above mentioned pin core, representing a zero-
leakage (infinite) version of that model. The coolant void Ak of this arrangement was
+$6.70 with S-CO 2 at 20 MPa and +$1.77 with helium at 8 MPa. Thus as the leakage is
decreased (approaching an infinite core), the spectral hardening effect dominates and S-
CO2 at 20 MPa has greater coolant void worth than helium at 8 MPa.
In lower-leakage cores (H/D -1), increased spectral hardening from voiding of the
much denser S-CO2 at 20 MPa overwhelms the leakage effect and the void worth is more
positive compared to helium. In the pancake cores, the leakage effect prevails and S-CO 2
at 20 MPa gives more negative coolant void reactivity than helium. These results can be
extended to other fuel forms such as block-type matrix fuel or oxide fuel in pins.
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Figure 4.7. Coolant void reactivity versus H/D ratio for an ODS-clad pin core.
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Figure 4.8. Coolant void reactivity versus H/D ratio for a titanium-clad pin core.
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Figure 4.9. Coolant void reactivity versus H/D ratio for a SiC-clad pin core.
The benefit of more negative void reactivity does come at a cost, however. The
required TRU enrichment increases as H/D decreases as shown in Figure 4.6, and the
reactivity limited burnup is degraded. Figure 4.10 shows k1ff versus burnup in ODS-clad
pin cores of three H/D ratios. The core having H/D of 0.75 reaches 100 MWd/kg before
becoming subcritical. It is clear that a balance must be struck between a H/D ratio that
gives a tolerable void coefficient of reactivity and also provides adequate burnup
performance.
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Figure 4. 10. Multiplication factor versus burnup in ODS-clad pin cores of three H/D
ratios.
4.4.4 Effect of Pressure on Coolant Void Reactivity
Variation of the coolant pressure alters the coolant void reactivity. Since the total
coolant void worth is the difference in reactivity between the fully pressurized core and
the depressurized state, one would expect that the coolant void reactivity for the same
core and coolant but at a lower pressure to have the same sign but smaller magnitude.
For example, if S-CO2 at 20 MPa gives a large positive void reactivity, then at a lower
pressure, a smaller positive value would result. If the coolant void worth were negative
with S-CO 2 at 20 MPa, then a negative value of smaller magnitude would result from
lower pressure. Coolant void worth was calculated as a function of H/D for the ODS
MA956 and titanium-clad pin cores discussed in Section 4.4.3 with CO2 at 20 MPa and 8
MPa. Figure 4.11 shows the effect of the reduction in coolant pressure for the case of
ODS cladding, and Figure 4.12 shows this for the titanium cladding. The coolant void
worth for lower pressure has the same sign as the higher-pressure value, but the
magnitude is lower and approximately proportional to the pressure.
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Comparison of Cladding Material Effect on Burnup
The prospect of moving to a pin-type core warrants the evaluation of some of the
better-performing cladding candidates. Three cladding materials were compared with
respect to burnup behavior and void Ak. Titanium, SiC and ODS MA956 were selected
as potential candidate cladding materials for use in previous scoping analyses. Figure
4.13 shows kff versus burnup to 150 MWd/kg in a similar pin-type GFR arrangement
[Pope, et. al., 2003]. Just as in the matrix comparison, SiC outperformed titanium with
respect to kff during burnup. ODS performed better than titanium but not as well as SiC.
SiC has also been shown to perform well neutronically in thermal reactors. [Tulenko et.
al., 1996] However, the differences in multiplication factor between the three cladding
materials were not large, and each material would be tolerable from a neutronic burnup
standpoint if materials issues warranted their use.
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Figure 4.13. Burnup comparison of three cladding materials in a (U,TRU)C-fueled pin
core.
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4.4.5
Neutron Fluence in Cladding Material
As in the case of the reactor vessel, cladding material can undergo swelling and
embrittlement due to excessive neutron fluence accumulated over the life of a fuel
assembly. Of the three cladding materials examined in Section 4.4.3, the most
conservative candidate for use in a pin core would be ODS MA956. The neutron fluence
limit in ODS cladding for neutron energies above 0.1 MeV was taken to be 4x 1023
cm-2.[Hill et. al., 1999] The ODS-clad pin core detailed in Table 4-1 was used to
evaluate the neutron fluence in ODS cladding.
The power shape during burnup depends on fuel shuffling, cycle length and
measures taken to flatten axial and radial power. Because these are not known at this
stage of development, the core-averaged cladding fluence rate at BOL was used. The
core was comprised of 50% S-CO 2 coolant at 20 MPa, 15% cladding and 35% (U,TRU)C
fuel by volume. The fluence rate above the 0.1 MeV threshold was calculated to be
2.2x 1022 cm-2year -l. Since this is the core-averaged clad fluence, the peaking factor must
be used in order to determine the more important peak clad fluence. The fuel
loading/shuffling scheme, along with other measures to lower peaking have not been
fully developed at this stage in analysis, so the peak fluence cannot be determined with
certainty. More revealing calculations can be made as fuel parameters and shuffling
schemes are being evaluated; this is reserved for future work.
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4.4.6
Burnup Comparison of S-CO2 and Helium Coolants
As discussed in Section 4.4.3, S-CO 2 at 20 MPa and 500°C has much greater
moderating power than helium at 8 MPa and 500C, a fact that has profound effects on
the coolant void reactivity for these coolants. It is of interest to observe the effect that
this spectral difference has on the burnup performance of the core. An ODS-clad pin
core with H/D=1 was modeled using both coolants. Figure 4.14 shows the normalized
neutron flux spectra inside the fuel rods in the inner fuel zone with both coolants. Only a
slight spectral softening effect can be observed in this figure. Figure 4.15 shows
multiplication factor versus burnup to 150 MWd/kg for the pin core using each coolant.
This shows that the spectral difference between the two coolants is not sufficient to affect
the burnup performance significantly.
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Figure 4.14. Neutron spectra in ODS-clad pin cores using S-CO2 coolant at 20 MPa
and helium at 8 MPa, both at 5000 C.
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500°C in an ODS-clad pin core.
4.4.8 Use of Oxide Fuel in Pin Cores
Unlike carbide fuel, oxide fuel is chemically inert in contact with CO 2 and thus
serves as a more conservative alternative fuel form than carbide. Because oxide fuel has
been used extensively in thermal water-cooled reactors and sodium-cooled fast reactors, a
wealth of operating experience has been accumulated throughout the years. There are
disadvantages, however, that would result from the use of oxide fuel. U0 2 at theoretical
density has a heavy metal density of around 9.67 g/cm3 versus 12.9 g/cm3 in UC, giving
UO2 fuel a lower multiplication factor and breeding ratio. (Uo.sPu. 2)O2 at 500°C has a
thermal conductivity of 4.0 W/m2 K, whereas UC fuel has a conductivity of around 16
W/m2 K, a factor of four higher. This disadvantage is partially offset by a higher melting
point in oxide fuel than in carbide fuel. [Waltar et. al., 1981]
A pin core with (U,TRU)0 2 fuel was modeled having ODS MA956 cladding and
titanium reflector. The active core was comprised of 15% cladding, 35% fuel, and 50%
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coolant by volume. Core effective diameter was 212 cm and H/D was equal to 1. The
reflector material was again titanium. The fuel density was taken to be vibrationally
compacted (VIPAC) with smear density equal to 85% the practical maximum, and the
critical TRU enrichment at BOL was 17.5%. The coolant void reactivity for this core
using S-CO2 at 20 MPa was found to be +$1.65, approximately $1 lower than the void
worth in an identical core with carbide fuel (+$2.50). This is due to the spectral softening
effect of using oxide versus carbide. Figure 4.16 shows multiplication factor versus
burnup for the oxide-fueled core described here. Clearly, a core this size with 35% fuel
by volume has marginal burnup performance. In future work, a larger core will be
evaluated and the potential for lower TRU enrichment and longer reactivity limited
lifetime should be investigated. Using a higher-albedo reflector may also flatten the
burnup curve by lowering the required TRU enrichment at BOL. Also, addition of
uranium metal in the VIPAC process could further increase HM density [Mayorshin, et.
al., 2000]: this would however risk excessive fuel expansion due to oxidation by CO2 in
the event of a clad defect.
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Figure 4.16. Multiplication factor versus burnup in a (U,TRU)O2-fueled pin core.
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4.4.9 Power Shaping in Pin Cores
Thermal-hydraulic requirements and burnup limits can be better met with a flat
spatial power profile. Thus far in this work, any radial power flattening performed has
been achieved through two-radial-zone radial TRU enrichment at BOL. During burnup,
however, this profile tends to burn toward that of a single-enrichment loading. Figure
4.17 shows the radial power shape for a two-zone TRU enrichment (U,TRU)C pin core at
three burnup steps. By the time the fuel reaches a core-average burnup of 70 MWd/kg,
the radial power shape becomes smooth and the transition between enrichment zones is
no longer clear. The radial peaking has by this point increased from just over 1.2 to
approximately 1.5. The same effect can be observed when attempting to flatten the axial
power shape using initial TRU enrichment zones along the axis of the fuel. The shape
quickly returns to a cosine shape. [Yarsky, 2003]
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Figure 4.17. Radial power shape for single and two-zone TRU-enrichment pin core.
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Figure 4.18 shows three possible alternative ways of shaping power such that the
axial power will not return to a cosine distribution. [Driscoll, 2004] Figure 4.1 8a shows
an approach in which the fuel pin is tapered in the region where peaking is to be reduced.
Figure 4.1 8b represents two different options, axial variation of the density of the fuel in
a constant diameter pin and variation of the ratio of fuel/diluent ratio in a matrix core.
Figure 4.1 8c illustrates the possibility of placing annular fuel pellets in certain regions in
order to reduce power peaking. All of these schemes can be modeled by varying the fuel
density axially and performing a bumup calculation on the resulting core. This method
could be slightly inaccurate in its representation of the tapered pin and the variation of the
fuel/diluent ratio because it does not account for the shift in the neutron energy spectrum
from the variation of the moderator/fuel ratio, but the results should be fairly close.
An ODS-clad pin core was constructed consisting of a constant 16% TRU
enrichment and having two axial fuel density zones. The fuel in the lower half of the
core was kept at 85% theoretical density while the fuel in the upper half of the core was
given a density equal to 75% that of the lower half (or 63.8% theoretical density). The
axial power shape was then determined out to a core-averaged burnup of 90 MWd/kg.
Figure 4.19 shows the axial power profile of this core at various burnup steps. The shape
has remained very nearly constant. Therefore, the power shaping schemes illustrated in
Figure 4.18 are capable of holding a constant axial power shape to relatively high burnup.
Similar strategies would work in the radial direction as well.
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Figure 4.18. Three fuel pins showing possible schemes for controlling axial power shape.
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4.5 Tube-In-Duct Fuel Assembly
Another possible fuel concept is that of a tube-in-duct fuel assembly wherein the
assembly consists of a can with tubes through which coolant would flow. Figure 4.20
shows a horizontal cross-section of a single assembly of this type. Figure 4.21 shows a
vertical cross-section of tube-in-duct fuel assembly. VIPAC (U,TRU)0 2 fuel would be
filled into the area around the coolant channels inside the assembly. Note that the figure
shows only one coolant tube whereas there actually would be many per assembly (91 in
the case shown here). Axial reflector and shielding material are placed at the top and
bottom of the assembly using VIPAC as well. An assembly such as this could provide a
number of benefits. First, the coolant volume fraction could be decreased from the 50%
used in a pin core to around 25% as in the matrix-type cores. This would decrease the
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spectral hardening resulting from loss of coolant and thus lower coolant void worth.
Also, the larger fuel volume fraction would allow for use of UO2 fuel with acceptable
reactivity-limited burnup. This would be valuable because UO2 is not chemically
reactive with CO2.
If the duct were sealed from the primary system, a severe LOCA could result in a
pressure differential of up to 20 MPa between the fueled inside of the duct and the
primary system. Preliminary calculations have shown that the thickness of the duct wall
required to withstand this pressure differential would be prohibitive from a neutronics
standpoint (>1 cm thick). Because of this, the assemblies would have to be vented
through a filter to the primary system as shown in Figure 4.21. The inverted U-tube built
in to the vent provides extension of the distance that xenon gas must diffuse through
before reaching the plenum, allowing extra time for decay. Vented fuel assemblies were
specified for use in the GCFR design by GA [Capana, et. al., 1974], and were evaluated
for LMFBR service. [O'Neill, et. al., 1965] Another vented fuel assembly design was
used at Peach Bottom HTGR with success. [de Hoffmann, et. al., 1965] Table 4-4 shows
a list of parameters for the reference tube-in-duct (U,TRU)O2 core.
A core consisting of VIPAC (U,TRU)O 2 fuel smeared to 85% theoretical density
placed into tube-in-duct fuel assemblies was modeled having an effective diameter of 217
cm and core height of 210 cm (H/D-1). Assembly duct walls had a thickness of 2 mm.
The coolant tube cladding inner diameter was 1.009 cm and the thickness was 1 mm.
This gave volume fractions of 25% coolant, 10.9% cladding, 4.5% duct wall, and 59.6%
fuel. The TRU enrichment required for criticality at BOL was 13.2%. The cladding and
duct walls were ODS MA956 and the reflector material was titanium.
The conversion ratio of the tube in duct core detailed here was 1.37 at BOL,
greater than that of the reference (U,TRU)C pin core described in Section 4.4. The
coolant void reactivity was $1.37, a full dollar less than the reference pin core. If
titanium is used for cladding and assembly walls instead of ODS, the void reactivity is
lowered to +$ 1.10. The high conversion ratio of this core suggests that there is margin to
increase leakage in an effort to lower void reactivity while maintaining the capability for
sufficient reactivity-limited burnup.
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Figure 4.20. Horizontal cross-section of tube-in-duct fuel assembly.
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Table 4-4. Database for the nominal (U,TRU)0 2-fueled tube-in-duct GFR core model.
Parameter Value
Main parameters
Core power 776 MWth
Coolant CO 2
Coolant properties evaluated at temperature 500 °C
System pressure 20 MPa
Average core power density 100 kW/liter
Heavy metal loading 38.4 MT
Specific Power 19.0 kW/kgIHM
Core equivalent diameter 217 cm
Fuel Assembly
Number of assemblies 127
Dimension across flat 17.9 cm inside of fuel duct
Duct wall thickness 2 mm
Number of coolant holes per block 91
Inner diameter of coolant hole 1.009 cm
Clad thickness 1 mm
Volume fraction of coolant 25 %
Volume fraction of cladding 10.9 %
Volume fraction of fuel 59.6 %
Volume fraction duct walls 4.5 %
Cladding material ODS MA956
Duct wall material ODS MA956
Active core height 210 cm
Oxide Fuel Properties
Fuel Form (U,TRU)02
TRU enrichment 13.2 %
Smear density 85 % theoretical density (VIPAC)
Axial Reflector
Material Titanium
Height 50 cm
Volume fraction coolant 25 %
Radial reflector
Material Titanium
Thickness 2 rows of blocks (30 cm)
Volume fraction coolant 6.5 %
Neutronic Parameters
Effective delayed neutron fraction Assumed 0.0035
Coolant Void Ak +$1.37
BOL Conversion Ratio* 1.37
* Conversion ratio is defined here as neutron capture rates in 238U + 2 4 0Pu divided by capture plus fission
rates in 23 5U + 239p
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4.6 Summary
If a SiC cercer matrix can retain fission products and maintain structural integrity
at 40% or greater fuel by volume, a relatively flat reactivity can be maintained to high
burnup. Variation in the fuel fraction between 30% and 50% in a SiC cercer does not
affect the coolant void worth in a significant way. By increasing the size of the core, and
thus lowering initial TRU enrichment, the reactivity profile was flattened slightly. This
increased coolant void worth, but not in such a way that produced prompt criticality.
Several aspects of implementation of a pin core were evaluated. While ODS
MA956 cladding is the most conservative of the candidates from a materials perspective,
the silicon carbide cladding is a more neutronically favorable, albeit exotic, material from
the standpoints of burnup and coolant void worth. For all cladding candidates, S-CO2 at
20 MPa gives higher coolant void worth than helium at 8 MPa at H/D-1 due to greater
spectral hardening in CO2, but at small H/D, S-CO2 gives lower coolant void worth than
helium at 8 MPa due to the enhanced leakage effect of coolant voiding. In this analysis,
H/D was varied by changing the height only, and so low H/D ratios resulted in small
cores and the burnup penalties were significant. In future work, low H/D ratios will be
examined in cores of larger volumes. Titanium gave the lowest coolant void reactivity of
the three cladding materials evaluated here; in fact, zero coolant void reactivity was
achieved at an H/D of 0.7. Neutron fluence was calculated in ODS MA956 cladding and
was found to be acceptable to beyond the burnup goals of this work. While CO2 at 20
MPa and helium at 8 MPa showed significant differences with respect to voiding, they
showed little difference with respect to multiplication factor during burnup.
The use of oxide fuel in a pin core carries the penalty of low heavy metal density
compared to carbide fuel. However, the oxide fuel gives lower coolant void worth with
S-CO 2 coolant at 20 MPa than the carbide-fueled case. Use of a larger core could help to
lower initial TRU enrichment and flatten the reactivity over burnup for the oxide fuel.
The axial power shape in pin cores can be adjusted and held constant by the use of
tapered pins, axial variation of fuel density or locally variable annular fuel. Techniques
such as these could be used to manipulate radial power as well.
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The tube-in-duct fuel assembly concept appears to be a favorable one. The small
coolant volume fraction gives lower coolant void worth than a pin core and the
conversion ratio appears to be quite high compared to the reference pin cores studied in
this work. Further analysis on the viability of the tube-in-duct concept is withheld for
future work.
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5 Reactivity Feedback Mechanisms
5.1 Introduction
Since fast reactors typically have positive coolant void worth, other feedback
mechanisms are very important to ensure safe operation and handling of unexpected
transients. In this chapter, the fuel temperature (or Doppler) coefficient of reactivity is
determined for three core types; a SiC cercer core, a carbide-fueled pin core and an
oxide-fueled tube-in-duct core. The prospect of using water injection as a "last resort"
shutdown mechanism is also considered. The reactivity effect of steam ingress is
observed for the three reference matrix core types and the reference pin core.
5.2 Doppler
As fuel temperature is raised, the thermal motion of its atoms increases. This
thermal motion changes the effective neutron cross-section of the fuel by making
resonances effectively wider to the incident neutrons. This phenomenon is referred to as
Doppler broadening. Because Doppler broadening mainly serves to increase the effective
capture cross-sections of fertile nuclides in the resonance region, it provides a mechanism
for negative temperature feedback.
Most of the contribution of Doppler broadening comes from resonances at
energies ranging from 0.1 to 10 keV. Since, in fast reactors, neutrons are typically
absorbed before they slow down to these energies, fast reactors have significantly smaller
(less negative) Doppler coefficients of reactivity than do thermal reactors. Nonetheless,
this effect is very important in fast reactors because 1) fast reactors usually do not have
the negative coolant void worth that thermal reactors do and 2) the prompt neutron
lifetime of fast reactors is small, a property which makes a reactor less forgiving in
prompt critical reactivity excursions. [Hejzlar, 1994] Because changes in power affect
71
the temperature of the fuel instantaneously for practical purposes, the Doppler effect is
considered a prompt feedback mechanism. [Waltar, et. al., 1981 ]
Before cross-sections sets are used in MCNP, a program (usually NJOY) is used
to Doppler broaden the cross-section to a specified temperature. In this work, the
nominal cases used JEF-2.2 cross-sections at 1000 K. Doppler coefficients for reference
cores were determined by calculating the difference in reactivity between JEF-2.2 cross-
section sets at 300 K, 500 K, and 1000 K. Once reactivity differences were calculated,
coefficients were found and applied to the average of the two temperatures. For example,
the difference in reactivity between the 300 K and the 500 K case was calculated, divided
by 200 K to get the change per degree K, and then this was taken to be the value for 400
K. Similarly, reactivity at 500 K and 1000 K were used to find the Doppler coefficient at
750 K.
The first core used for this analysis was the SiC cercer described in Table 2-1. The
volume fraction SiC was 70% and the TRU enrichment was 21.2 w/o in both the inner
and outer fuel regions. An ODS-clad pin core was also modeled as shown in Table 4-2
with a TRU enrichment of 14.5 w/o in the inner and outer fuel zones. Finally, the
(U,TRU)0 2- fueled tube-in-duct core described in Table 4-4 was modeled with a TRU
enrichment of 13.2 w/o in both inner and outer fuel zones. In each case, all actinides,
carbon, oxygen (in the oxide fuel) and silicon (in the SiC cercer) present in the fuel were
included in the change of cross-section sets. Cross-sections for coolant, reflector
materials, cladding (in the pin and tube-in-duct cores) and other structural materials were
not changed in this analysis. The results of these calculations are shown in Table 5-1.
The SiC cercer core showed the largest Doppler coefficient. This is because it has a
relatively soft spectrum which slows more neutrons into the resonance energies than
harder spectrum cores. The pin core has the smallest Doppler because of its very hard
spectrum. Table 5-1 shows the neutron energy spectra of the three cores.
The reactivity swing values shown in Table 5-1 were calculated by taking the
difference in reactivity between 300 K and 1000 K conditions. This is meant to give an
estimate of the reactivity loss resulting from heating the fuel from cold shutdown
conditions (-300 K) to hot full power (HFP). This value is of interest because it must be
included in the total worth of the reactivity control system. The operating temperature of
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each fuel type is different, however, and thermal hydraulic analysis is be required to find
the exact values, but this gives a useful comparison of the three fuel types. The SIC
cercer core has the greatest change in reactivity from 300 K to 1000 K again due to its
relatively soft spectrum. The pin core, with its very hard spectrum, has the lowest
reactivity swing, less than half that of the SiC cercer. Doppler coefficients are given in
the table for Clinch River LMFBR and the GA GCFR for comparison.
Table 5-1. Doppler coefficients and reactivity change from 300K to 1000K of
three reference cores at BOL and two pre-existing designs.
Doppler Coefficient (pcm/°C) Reactivity Change ($)
Core Type 400 K 750 K 300 K to 1000 K
(127oC) (4770C) (27°C to 727°C)
70/30 SiC/(U,TRU)C
cercer matrix core -3.5 -2.0 -4.9
21.2 w/o TRU
ODS-MA956 clad
(U,TRU)C pin core -1.5 -0.7 -1.8
14.5 w/o TRU
ODS-clad (U,TRU)0 2
Tube-In-Duct core -1.7 -1.0 -2.4
13.2 w/o TRU
LMFBR*
Clinch River (CRBRP) -2.0 -1.1 NA
(U,Pu)02-fueld pin core
General Atomics GCFR** -1.0 -0.54 NA
U0 2-fueled pin core
*Values calculated from Doppler constant given for CRBRP in Table A-3 of [Waltar, et. al., 1981].
Coefficients were assumed to have perfect 1/T dependence.
Values calculated from Doppler constants in Table 3.3 of [Torri, et. al, 1974].
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Figure 5.1. Neutron flux spectra of cores used in Doppler calculations (see Table 5-1).
5.3 Water Ingress
It is the goal of this section to evaluate the reactivity effect of steam or water
entering the core in place of coolant. More specifically, we are interested in whether a
steam or water ingress serves to increase or decrease reactivity. If the effect is negative
without the possibility of a re-criticality upon reaching a maximum plausible water
density, then water injection could be used as a "last resort" shutdown measure in the
event of a severe accident. The results are also applicable in the event of leakage of the
steam generator for a Rankine cycle GFR, or in the heat exchanger of a shutdown cooling
system using water coolant. The effect of water ingress was computed for the three
reference matrix cores described in Table 2-1 and the pin core described in Table 4-2.
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Water Ingress in Matrix Cores
Several cases of water ingress were investigated by assuming that the core was
initially void of any coolant. Multiplication factor was calculated as water density in
coolant channels was increased from 0 (the initial state was assumed to be one of total
void in place of coolant) to 1 g/cm3 (i.e. cold liquid H20). The three matrix cores
described in Section 3.2 and documented in Table 2-1 were used for this analysis. Here,
all cases used titanium reflector material. Figure 5.2 shows multiplication factor versus
water density in a 70/30 Ti/(U,TRU,Zr) metmet core. The initial effect of the presence of
water in place of coolant is a sharp decrease in reactivity. The same effect can be
observed in a 70/30 Ti/(U,TRU)C cermet core as shown in Figure 5.3 and in a 70/30
SiC/(U,TRU)C cercer core shown in Figure 5.4. At a water density of around 0.6 g/cm3,
the reactivity begins to increase as a result of spectral thermalization, but all of these
cases remain well below the initial multiplication factor, even for the maximum water
density case of I g/cm3.
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Figure 5.2. Multiplication factor versus water density in a
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Steam Ingress in Pin Cores
The effect of steam ingress on the reactivity of a titanium-reflected (U,TRU)C-
fueled pin core was calculated using the pin core model introduced in Section 4.4 and
detailed in Table 4-2. The reflector material was titanium and the initial condition was
again assumed to have complete void in place of coolant. The TRU enrichment was
14.5w/o and the cladding material was ODS MA956. Figure 5.5 shows multiplication
factor versus water density. The same initial reactivity decrease is seen as in the case of
the matrix cores shown above followed by a more aggressive increase beginning at about
0.3 g/cm3. This change in slope occurs at a lower coolant density in the pin core than the
matrix cores because the coolant volume fraction is twice as large. The reactivity reaches
the voided-core value at about 0.7 g/cm3 water and continues to rise at higher water
densities.
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Figure 5.5. Multiplication factor versus water density in an ODS-clad (U,TRU)C
pin core initially void of coolant.
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5.3.2
5.4 Summary
In this Chapter, it was shown that SiC cercer cores exhibit very large Doppler
feedback (for a fast reactor), followed by the oxide-fueled tube-in-duct concept, with the
carbide-fueled pin core having the smallest Doppler.
The reactivity effect of water entering the core in absence of coolant was found to
be negative in all cases, except in the case of greater than 0.7 g/cm3 water in the pin core
due to its higher coolant volume fraction (50%).
Not evaluated at this point, the effect of thermal expansion of the core during a
transient is an important feedback mechanism in fast reactors and should be addressed in
future work. In the past, such analyses have been carried out mainly for pin-type cores
[Torri, et. al, 1974]. However today's GFR designers are considering other
configurations such as block or tube-in-duct, which could behave in a significantly
different manner.
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6 Reactivity Control
6.1 Introduction
In the startup, operation and refueling of a reactor, it is necessary to control
reactivity in some way. Various methods have been used in thermal reactors such as
soluble poisons in coolant, stationary burnable poisons, moveable control rods or blades,
and continuous refueling. Most fast reactors rely primarily on moveable control rods for
reactivity control. In this chapter, the prospect of controlling the reactor from the
reflector is investigated. B4C enriched in 10B is the most likely candidate for any control
rods used in a fast reactor due to the very high cross-section of 'B up to relatively high
neutron energies. Combinations of B4C and ZrH2 are investigated as a form of flux trap.
If the coolant void reactivity cannot be made acceptably low through selection of
core materials and geometry alone, passive reactivity feedback devices may be employed.
This chapter includes a listing of some of the reactivity feedback devices conceptualized
at MIT and elsewhere for use in fast reactors.
6.2 Reflector Control
In order to evaluate the feasibility of reflector control, a reference pattern of
control assemblies was arranged in the innermost layer of titanium reflector as shown in
Figure 6.1. In all, 24 reflector control assemblies were used in a SiC cercer core as
detailed in Table 2-1 and an ODS-clad pin core as detailed in Table 4-2. Figure 6.2
shows a horizontal cross-section of one reflector control assembly depicting how the
assembly would appear when the rods are inserted. The center region of the reflector
control assembly contains a bundle of control rods with coolant flowing around them.
The rods can be withdrawn upward from the core. Outside this bundle, the reflector
assembly is identical to non-controlling reflector assemblies. When the control rods are
withdrawn, the center part of the reflector would fill with coolant unless a reflector
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follower is in place. For this analysis, it was assumed that followers were not used and
the withdrawn condition was modeled by replacing the center control region with
coolant.
The control portion of the reflector control assembly contains 9.3% coolant by
volume. This was determined by calculating the volume fraction left void by packing
cylinders in contact with one another as is shown in Figure 6.2. Also modeled, but not
shown in the diagram is a lmm-thick steel cladding around each control rod. Both
absorbing and moderating control material were evaluated in the configurations shown in
Figure 6.3. The absorber selected was B4C enriched to 90w/o '1 B and the moderating
material selected was ZrH2.
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Figure 6.1. Arrangement of reflector control assemblies in core.
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Figure 6.2. Horizontal cross-section of reflector control assembly.
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Table 6-1 shows the reactivity worth of all 24 of the reflector control rods
completely inserted in the SiC cercer and ODS-clad pin cores. The control rod
arrangement with the greatest worth was flux trap 1 (FT 1), having a ZrH 2 moderating
core surrounded by 90w/o enriched B4C absorber. The worth of identical control rods is
greater in the SiC cercer than in the pin core. This is because SiC cercer has a softer
spectrum than pin cores, giving 10B a larger effective cross-section. Another result of
note is that the worth of the most effective flux trap arrangement (FT 1) is only slightly
greater than that of the absorber arrangement (A).
These values are smaller than the total worth of control rod systems of most fast
reactors. For example, Clinch River Breeder Reactor Project (CRBRP) had a primary
control rod system worth $26.5 and a secondary control rod system worth $6.3. [CRBRP
PSAR, 1974] LMFBR's have been designed to require only $12 worth of primary
control and $5 of secondary, still greater than what has been observed here. [Talwar,
1978] The worth of the reflector control system can be increased by a number of means.
Increasing the enrichment from 90w/o to >99w/o, enlarging radially the control rod
portion of the reflector control assemblies, and using a greater number of the assemblies
would increase the worth of the reflector control system. Also, a reflector follower was
not used in these cases. If a full-length titanium reflector follower were to be used, the
values in Table 6-1 would increase in magnitude by about $1 in the SiC cercer case and
by about 50¢ in the pin core case. If the reactivity swing during burnup is kept small,
then reflector control may be feasible. If it cannot be used as a sole means of reactivity
control, then perhaps it can be employed as one of two diverse control rod systems. The
prospect of reflector control should be investigated further in future work applying to
larger cores (2400 MWth).
Table 6-1. Reactivity worth ($) of all 24 reflector control assemblies
fully inserted in SiC cercer and ODS-clad pin cores.
Core A* M FT1 FT2 FT3
SiC cercer -5.6 -3.4 -5.9 -4.6 -5.5
ODS-clad Pin Core -3.6 -1.8 -3.7 -3.0 -3.6
* Notation for control assembly configuration given in Figure 6.3.
Uncertainty = ± $0.15
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6.3 Passive Reactivity Feedback Devices
If the coolant void reactivity cannot be mitigated by selection of core materials
and core configuration, reactivity feedback devices may be employed to ensure passive
shutdown of the reactor in accident scenarios. This section provides a brief description of
several devices meant to provide passive reactivity feedback in the event of loss of
coolant accidents (LOCA), loss of flow (LOF), loss of heat sink (LOHS) and transient
overpower (TOP) conditions.
6.3.1 Lithium Expansion Modules
Lithium expansion modules (LEM) were developed in Japan with specific
application to the RAPID-L sodium cooled fast reactor. Figure 6.4 shows a schematic
diagram of a LEM device at normal conditions and during elevated outlet temperature
conditions. LEMs consist of a reservoir of lithium enriched in 6Li (about '/4 the Ga of 'OB)
at the coolant exit of the core communicating with a small-diameter tube reaching into
the active core. During normal operation, inert gas holds the 6Li poison out of the core.
As the temperature at the coolant exit increases, the lithium expands, compressing the gas
and moving into the active core. Since the 6Li is a strong neutron absorber, this serves as
a temperature feedback device. [Kambe, et. al., 1998]
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expansion module (LEM) concept.
6.3.2 Lithium Injection Modules
Lithium injection modules (LIM) are devices used for ultimate shutdown of a
reactor once a certain temperature limit is reached. Figure 6.5 shows a schematic
diagram of a lithium injection module during normal operation and after a temperature
excursion. The LIM consists of a tube reaching from the active core into the coolant exit
region. In the active core region, a vacuum exists in the tube, above which a freeze seal
is placed. Above the freeze seal, 6Li is placed along with a pressurized gas bubble.
When the melting point of the metal freeze seal is reached during a temperature
excursion, the seal melts allowing the 6Li to enter the core and provide sufficient negative
reactivity to cause ultimate shut down of the reactor. [Kambe et. al., 1998]
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lithium injection module (LIM). [Kambe et. al.,
6.3.3 Pressure-Actuated LOCA Scram Device
Figure 6.6 shows a control-rod-type unit which will passively and rapidly insert
reactivity as primary coolant pressure drops during a LOCA. This device was
conceptualized at MIT under the subject LDRD. [Driscoll(2) et. al., 2003] At normal
operating pressure, the bellows at the top of the liquid metal (e.g. Pb) pool expands to
push its level upward in the outer annular region, which raises the control absorber float
(e.g. B4C) up out of the core, compressing the inert gas in the upper plenum (e.g. Xe) in
the process.
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During a LOCA, the sequence is reversed and the control absorber float drops
down into the core, adding enough reactivity to offset the coolant void reactivity. A half
dozen units, each containing one kilogram of 1°B, would suffice if only four of the
devices successfully operated. The rate of depressurization depends on break size, but
should, even in the worst case, occur with an exponential time constant of several
seconds. This is slow enough for a device of the type shown to follow with minimal
delay; the controlling lag time depends on how much absorber insertion is designed-in for
the "fully withdrawn" position. This steady-state reactivity penalty, plus that of the
device's in-core materials (steel plus lead) will be on the order of several dollars, which is
likely to be less than other approaches such as spoiling core configuration (e.g.
"pancaking") to enhance leakage.
The subject reactivity insertion device also has useful additional features. It
automatically resets when boundary integrity is restored and primary coolant pressure
reestablished. Conversely it augments the shutdown reactivity margin during planned
depressurizations, such as for refueling. Although motivated by the special case of high
pressure CO2 coolant, the device would also benefit lower pressure (e.g. 8 MPa) helium
cooling since a fast reactor scram post-LOCA is required to reduce core power to decay-
heat-only levels as quickly as practicable.
The device could possibly be designed without bellows as bismuth and lead are
both compatible with CO2. Equations 1-4 show possible oxidation reactions of lead and
bismuth by C0 2; all of these reactions have positive Gibbs free energy changes at
temperatures ranging from 0 to 1 0000 C. Certainly, these metals are chemically
compatible with helium as well.
The self-actuated reactivity insertion device shown in Figure 6.6 is a simple,
reliable and easily understood approach to offsetting the reactivity insertion associated
with coolant voiding during GFR LOCA events. Its full benefits can only be assessed by
explicit physical modeling in a full-scope transient code such as ATHENA. Protection
against, and coping with, leakage from the device must also be dealt with.
2Bi + 3CO 2 Bi203 + 3CO (6-1)
4Bi + 3CO 2 -- 2Bi2 03 + 3C (6-2)
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3Pb + 4CO2 - Pb3 04 + 4CO
3Pb + 2CO2 - Pb304 + 2C
Pb + CO2 -- PbO + CO
2Pb + CO2 - 2PbO + C
(6-3)
(6-4)
(6-5)
(6-6)
Bellows
Guide Tube
Inert Gas Plenum
Annular B4C Float
Lead-Bismuth
Eutectic Pool
-Core
gion
4F
NOT TO SCALE
Figure 6.6. Simplified schematic of pressure-actuated LOCA scram device.
[Driscoll(2) et. al., 2003]
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Alkali Metal Vapor Pressure Actuated Device
Figure 6.7 shows the basic features of the alkali metal vapor pressure actuated
device, also developed at MIT under the current contract. [Driscoll(l) et. al., 2003] It
consists of nested annular cylinders which communicate at the bottom ends and which
contain a liquid lead piston. This supports a clad B4C absorber "float" immersed in liquid
alkali metal in the annular space above the lead, above which is a sealed annular
evacuated plenum. Bismuth or lead-bismuth alloy could be employed in place of lead, as
could other metals which are molten in the temperature range of interest, denser than
alkali metals (and low in intermiscibility therewith) and having a low neutron absorption
cross section.
The alkali metal vapor pressure increases significantly with temperature; the
metal (or alloy) is chosen to respond appropriately in the range of interest for LOF,
LOHS and TOP protection: see Table 6-2.
High vapor pressure in the outer plenum pushes the B4C absorber float down into
the core as the lead piston is forced upward in the inner plenum to balance pneumatic
plus hydrostatic head: at about one meter of lead per atmosphere of pressure. In this
manner, a negative reactivity insertion proportional to core coolant gas exit temperature
is achieved.
The device just described is conceptually simple, with considerable scope for
adjustment to case-specific requirements, since one can vary l°B enrichment, alloy
composition, radial and axial dimensions. The unit automatically resets upon restoration
of normal operating conditions.
The subject passive reactivity insertion device can ameliorate the reduced
negative temperature feedback characteristic of GFR cores. This would be especially
beneficial for applications such as burning transuranics or minor actinides in fertile-free
fuels. A necessary next step is modeling this device in a transient code such as ATHENA
for detailed accident scenario studies to determine whether its response time is adequate.
The consequences of interdiffusion and intermetallic compound formation at the
light/heavy liquid metal interface must be addressed in future work. Protection against,
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6.3.4
and coping with, leakage from the device must also be dealt with. [Driscoll(1) et. al.,
2003]
Table 6-2. Vapor Pressures of Metals. [Browning et. al., 1985]
Metal BP, °C (p =1 atm) BP °C @ p = 5 atm
Li 1337 1610
Na 882 1090
K 758 965
Rb 687 885
Cs 668 870
Pb 1753
Bi 1579
Sn 2623 Non-volatile in
T1 1487 range of interest
In 2070
Ga 1980
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NOT TO SCALE
Figure 6.7. Simplified schematic of passive reactivity insertion device.
[Driscoll(l), et. al., 2003]
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Reactivity "Bang Stick"
Another MIT-conceived passive reactivity feedback mechanism powered by a
LOCA is the reactivity "bang stick", named after the shark deterrent carried by scuba
divers. [Carstens, et. al., 2003] Figure 6.8 shows a simplified schematic diagram of this
device. The absorbing portion of the device is in the form of a '°B-loaded titanium rocket
held out of the core with a magnetic or spring-loaded latch. At the top of the device, a
gas plenum communicates with the primary pressure through a low-flow orifice and is
separated from the gas conduit leading into the rocket by a burst disc. This disc is
designed to withstand a certain pressure between the plenum above and the primary
pressure. A slow transient will not cause the disc to burst because the pressure will be
equalized through the low-flow orifice, but in a fast LOCA, the orifice constricts the flow
sufficiently to bring about a pressure difference between the plenum and the primary
system to burst the disc. This sends the control rocket into the core at a high rate of speed
until it reaches the fins meant to stop and hold the absorber in place. Preliminary scoping
analyses including tests on a working model have shown this device to be feasible, but
considerable research and development would be required for licensing in a GFR. One
major drawback to the device is that once it is deployed, it must be removed and replaced
(similar to the LIM described in Section 6.3.2).
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Figure 6.8. Simplified schematic of bangstick concept. [Carstens, et. al., 2003]
6.3.6 Cartesian Diver
Another possible passive reactivity feedback device considered by the MIT group
is a "Cartesian diver". In general, a Cartesian diver is a device which contains a liquid in
which a neutrally buoyant object (the diver) is placed. Pressure is communicated to the
inside of the device and the gas in the floating object is compressed causing the object to
sink. In a reactivity feedback device, the diver portion would be an absorbing material
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incorporated into a neutral-buoyancy float. This is shown schematically in Figure 6.9.
The liquid here is molten lead and the device would have communication with the
coolant pressure; such as bellows, shown here at the top of the device. A loss of pressure
would allow the gas-containing float to expand, increasing its buoyancy. The diver
would then float up into the active core region and help to shut the reactor down.
Another variation on this concept is the "Galilean thermometer" in which a rise in liquid
temperature causes the float to expand, increasing its buoyancy, and again rise into the
active core region. A device combining both features can be envisioned which would
protect against both LOCA and TOP events.
Communication with
primary pressure
(e.g. bellows)
Liquid
(e.g. molten lead)
Absorber in
compressible neutral
buoyancy float
Figure 6.9. Schematic of Cartesian diver reactivity feedback device.
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Another scheme for implementation for the Cartesian diver concept is shown in
Figure 6.10. In this device, a molten PbBi-filled canister is placed in the reflector region
and vented to the coolant. Inside the molten PbBi, a poison float is placed consisting of
an absorber and a gas core with bellows. Upon either loss of pressure or excessive rise in
temperature, the diver becomes more buoyant and floats into a mid-core position, causing
the core to shut down. When in the bottom (or withdrawn) position, the molten PbBi
provides excellent reflection of neutrons during normal operation. The device could be
made quite large without displacing core fuel. The radial reflectors could consist of
several of these devices with solid reflectors taking up the rest of the core periphery.
[Driscoll, 2004]
Vent
Radial
Reflector
Figure 6.10. Schematic diagram of alternate Cartesian diver design for use in
reflector. [Driscoll, 2004]
6.3.7 Levitated Absorber Particle Bed
In a levitated absorber particle bed reactivity feedback device, absorbing balls
(e.g. tantalum) are held out of the active core by the forces exerted by coolant up-flow in
the reactor. If a LOF should occur, the coolant can no longer hold the absorbing balls out
of the core and they fall into the fueled region providing a negative reactivity insertion.
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Figure 6.11 shows a schematic diagram of the device. An upper grate stops the balls
from leaving the device and a if a valve is installed above this grate (not shown in the
figure) it would allow operators to shut off coolant flow providing a mechanism for
manual scram using this device. [Specht, et. al., 1976]
Upper
Grate
Levitated bed of
absorbing balls
t
In-Core
Region
I
Figure 6.11. Schematic diagram of levitated absorber pebble bed
reactivity feedback device.
6.3.8 Curie Point Devices
A Curie point reactivity feedback device is one in which an absorbing material is
held above the active core using a ferromagnetic material. If, during an unexpected
temperature excursion, the temperature of the magnetic material reaches its Curie point, it
loses its ferromagnetism and the absorbing material falls into the core. [Sowa, et.al.,
1975 and Huebotter, et. al., 1975]
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6.4 Summary
In this chapter, some reflector control schemes were evaluated in SiC cercer and
pin cores. It was shown that several dollars of negative reactivity can be added using
these arrangements. Greater worth can be added to these reflector control systems by
enlarging rods to occupy more of the reflector, increasing the number of reflector control
locations, or using a thinner radial reflector. Furthermore, staggered-batch refueling
schemes can be implemented to reduce reactivity swing over a burnup cycle, hence
reducing control rod worth requirements. In future work, the prospect of reflector control
should be re-evaluated for use in larger cores.
Several other issues related to reactivity control are also left for future work. If
controlling the reactor entirely from the reflector is not found to be practical, then
questions of configuration and location of control rods inside the core will need attention.
These analyses should address whether top or bottom control rod entry is preferable in
addition to what redundancy and diversity should be built into the system. Also, the
feasibility of having control rod drive mechanisms totally encased in the pressure vessel
should be evaluated for possible elimination of the rod ejection accident (REA) scenario.
Although B4C enriched in 10B is the most commonly used control material in fast
reactors, moderating material should be considered for control assemblies inside the core
as well as flux trap arrangements.
If it is found necessary to design additional passive reactivity feedback
mechanisms into the reactor, some of the devices discussed in this chapter could be
considered as candidate concepts. It would be preferable, however, to design the core
such that feedback from Doppler, core expansion and coolant void are sufficient to
provide safety in accident scenarios.
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7 Chemical Compatibility of Core Constituents
7.1 Introduction
Many chemical compatibility questions must be answered before a final design is
settled upon. One major disadvantage of S-CO2 that is not a concern with helium is its
corrosive properties. S-CO2 at hundreds of degrees Celsius is an oxidizing environment
for many materials, particularly if one also accounts for the concurrent presence of
radiolysis products. In this chapter, some of the issues surrounding the oxidation of fuel
and structural materials are discussed briefly. The concern is primarily with fuel
behavior; a prior project publication considers ex-core materials. [Thon, 2002] It is
worth repeating here, however, that the extensive AGR experience in the UK with CO2 at
650°C is particularly germane. Since high temperature steam is more corrosive than CO2
[Peckner, 1977], the review of turbine material candidates by [Bittermann et. al., 2004] is
also pertinent.
7.2 Interaction of UC and UN Fuel with Supercritical C02
From a neutronic standpoint, carbide fuel is superior to oxide for use in a GFR
due to its high heavy metal density, but its chemical incompatibility with S-CO2 presents
problems. In work performed by [Plaue, 2003], it was found that the onset of oxidation
of UC fuel by CO2 occurred at around 300°C and proceeded readily according to the
reaction shown in Equation 1.
UC + 3CO2 - UO2 + 4CO (7-1)
The change in Gibbs free energy (AG) was calculated for this reaction using HSC
Chemistry® 5.1 and is plotted in Figure 7.1. The value of AG is -298 kJ/mol at 200 C and
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decreases monotonically to -414 kJ/mol UC at 7000C. Hence, the reaction becomes more
thermodynamically favorable as temperature increases.
-250
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E
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Temperature [C]
Figure 7.1. Gibbs free energy change for the UC forward reaction shown in Equation 1.
Although not studied extensively in this report, the prospect of using nitride fuel
has been evaluated neutronically by [Yarsky, 2002] for use as fuel in breed and bum
reactors. The oxidation of UN by CO2 was studied by [Bugl, et. al., 1966] and
[Uchikoshi, et. al., 1966] with results that differed slightly. Bugl reported that the
oxidation occurred at temperatures as low as 300°C and always yielded U308 while
Uchikoshi found that oxidation began at 650C and the product was U0 2. Equations 2
and 3 show two possible reactions for the oxidation of UN in CO2 and Figure 7.2 shows
the Gibbs free energy change in the forward reactions; reactions 2 and 3 in the figure
correspond to Equations 2 and 3 respectively. Note that both reactions have a negative
free energy change at temperatures of interest. Hence, both reactions are spontaneous.
An interesting observation by these researchers is that UN has better oxidation resistance
than UC in air, water, and oxygen, yet it has worse oxidation resistance than UC in CO2.
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2UN + 2CO2 -- 2UO2 + N2 + 2C
6UN + 4CO 2 -- 2U30 8 + 3N2 + 4C
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Figure 7.2. Gibbs free energy change of forward UN reactions shown in Equations 2
and 3.
If (U,TRU)C fuel were to be used in pin-type or tube-in-duct fuel assembly, a
cladding failure under normal operating conditions would result in rapid oxidation and
possible degradation of the fuel pins since U0 2 is about 34% less dense than UC. In the
case of using (U,TRU)N fuel in pins or a tube-in-duct assembly, the same is true whether
the oxidation product is U0 2 or U30 8 because UO2 is 40% less dense than UN and U30 8
is 92% less dense than UN. This problem could be mitigated by use of robust duplex
cladding with an internal tag gas allowing prompt detection of pin failures. Use of oxide
fuel would avoid the problem of oxidation by S-CO2, allowing designers to draw
information from many reactor-years of operating experience with U0 2.
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7.3 Interaction of Structural Materials with Supercritical CO2
Also of interest are the reactions of various structural materials with S-CO2. SiC,
the leading matrix candidate is known to react with CO 2 by a number of different
reactions. Experiments by [Opila et. al., 1998] found that the oxidation weight gains of
SiC exposed to CO2 at temperatures between 12000C and 1400°C were very small.
Further investigation, however, into the corrosion effects of SiC in S-CO 2 are in order
before design specifications can be made.
Titanium, in addition to performing well neutronically as a reflector or cladding
material in a GFR, is used in many applications where a corrosion-resistant material is
required. A very thin and strong oxide layer forms on its surface when it is exposed to
air, and is only susceptible to attack by a few substances such as hydrofluoric acid. [Ziu,
1995] The corrosion of pure titanium in C0 2 at 5000 C was studied by [O'Driscoll, et. al.,
1958]. In this work, titanium was found to show good resistance to corrosion by CO2
with a penetration depth of 0.033 mm after 1500 hours. The most commonly used alloy
of titanium is Ti-6A1-4V, and many other more highly corrosion-resistant alloys exist.
[Hill, 2001]
INCOLOY® alloy MA956 is a highly corrosion-resistant oxide dispersion
strengthened (ODS) steel. The alloying process used to make ODS steel creates a fine
distribution of yttrium oxide in the metal which improves its strength. The aluminum
present in the steel allows the formation of a layer of alumina that protects the surface
and prevents further oxidation. The manufacturer of MA956 reports that it can be used in
an oxidizing environment at temperatures up to 13000 C. [SMC, 1999] This would allow
a great deal of margin between normal operating conditions and the onset of oxidation.
In general, steam tends to corrode steels faster than does CO2 [Peckner, et. al., 1977], and
ODS steels whose chromium content ranges from 15 to 19% have shown high resistance
to corrosion by supercritical pressurized water. [Kimura, et. al., 2004] Therefore,
favorable corrosion performance in CO2 is expected of these steels. This also suggests
that materials used in steam turbines may be used in CO 2 turbines.
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7.4 Summary
While carbide fuel has favorable neutronic characteristics, the issue of corrosion
in CO2 makes oxide fuel the preferable alternative. A decision must be made at some
point whether measures to avoid fuel contact with coolant such as duplex would permit
the use of carbide or nitride fuel.
While the three structural materials mentioned in this chapter appear likely to
have good corrosion characteristics, the compatibility of these materials with S-CO 2 in
the conditions present in a GFR cannot be determined absolutely without experimental
data in an environment similar to operating conditions: the presence of radiolysis
products such as CO in particular. Work is currently planned at MIT to test the corrosion
properties of several materials in a S-CO 2 loop both in and out of the MIT reactor.
Interpreting the information from these experiments and implementing the results in GFR
design is left for future work.
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8 Conclusions and Recommended Future Work
8.1 Conclusions
Some options have been presented for the reactor physics design of a S-CO2-
cooled GFR. In this section, the more important points developed in this thesis are
reiterated in order to serve as a summary of results and to preface recommendations for
future work. Table 8-1 shows a summary of key findings of this work.
Three matrix fuel options were evaluated in a core having an effective diameter of
212 cm, a height of 180 cm, and a thermal power rating of 600 MWth. Of the three
matrix fuel types investigated from a neutronic standpoint, the SiC cercer appears to be
the strongest candidate. Its coolant void reactivity is less than $1 for complete evacuation
of the core using helium or S-CO 2 coolant. The SiC cercer also had the highest
conversion ratio of the three candidates, even though this fuel type required the highest
TRU enrichment for criticality at BOL. This is also the least developed fuel form.
However, it is the reference material for the ANL/CEA-led INERI* project, so proof
testing of the concept is an eventual possibility.
Two other fuel options were introduced as alternatives to the block-type matrix
cores; a more conventional pin core and a core consisting of tube-in-duct assemblies.
These two fuel types along with the SiC cercer core appear to be the most likely
candidates for further investigation. Each, of course, presents advantages and
disadvantages.
The reference 70/30 SiC/(U,TRU)C cercer core was shown to have a sufficiently
low coolant void reactivity of 22¢, but a poor conversion ratio (0.87). Lowering the ratio
of matrix to fuel improved the burnup performance without raising the coolant void
reactivity above 50¢. Changing the matrix volume fraction from the reference value of
70% to 60% gave a reactivity-limited burnup of 80 MWd/kg. This high a burnup may
International Nuclear Energy Research Initiative (INERI)
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not be tolerated structurally, however, with such a high volume fraction fuel. The SiC
cercer core has large thermal inertia, helping it to withstand transients (in contrast to the
pin core), and a factor of two greater Doppler reactivity coefficient than the pin and tube-
in-duct cores, which could be advantageous in transients/accidents where a temperature
rise takes place.
The option of using a pin core would allow designers to reap the benefits of many
years of development and operation of this fuel type. The lack of large amounts of
diluents in the core provides a hard spectrum and attractive neutron economy (CR = 1.20
at BOL). The coolant void reactivity in the titanium-reflected reference pin core case
was +$2.00 but this can be counteracted with adjustment of the neutron leakage, use of
passive feedback devices, or implementing other cladding materials such as titanium. It
was shown that a titanium-clad pin core with a core H/D of 0.75 could achieve a burnup
of 100 MWd/kg and have a coolant void reactivity at BOL of less than 50¢. The Doppler
reactivity coefficient for this fuel type was shown to be greater than that of the GA GCFR
design (-0.7 pcm/K at 7500C). UC fuel has been shown to oxidize readily in S-CO 2 at
temperatures of interest requiring the use of double-walled cladding in order to avoid fuel
element failures; this will degrade neutron economy. Otherwise oxide fuel would have to
be employed.
The tube-in-duct concept introduced in Section 4.5 required the lowest
enrichment and had the highest BOL conversion ratio of the three concepts (1.37), and its
(U,TRU)0 2 VIPAC fuel will not react chemically with CO2. With the same coolant
volume fraction as the SiC cercer (25%), the tube-in-duct core provides larger thermal
inertia than the pin core, has slightly larger Doppler coefficients (-1.0 pcm/K at 750K),
and the coolant void reactivity is about $1 less. The coolant void reactivity of the
reference case was +$1.37, but increasing leakage will lower this value, and good neutron
economy in the reference case should provide margin to do so while preserving favorable
neutronic burnup performance. These factors make the tube-in-duct core a strong
candidate for further study.
The study of the effects of H/D on coolant void reactivity was performed using a
pin core, but the results can be generalized to all fast reactors. Unlike helium, S-CO2 has
sufficiently large Es to provide some reflection at the periphery of the core. Because of
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this, the leakage effect during coolant voiding is significant with S-CO 2 coolant, and it
can be enhanced by increasing the leakage of the core (e.g. lowering H/D). Since helium
at 8 MPa and 500°C has a considerably lower macroscopic scattering cross-section, the
leakage effect of coolant voiding is negligible and cannot be easily exploited in order to
lower coolant void worth by increasing neutron leakage. Since there is a tradeoff
between coolant void reactivity and leakage, a balance must be struck wherein the
coolant void reactivity requirement is met while still retaining attractive burnup
performance.
The void reactivity reduction benefit of using titanium, vanadium and scandium
as reflector materials due to their unique scattering cross-section profiles was
demonstrated. Depending on the core type selected, low-void reactivity reflectors may or
may not be necessary. For example, the reference SiC cercer core still has fairly low
coolant void worth with some of the higher-koff reflectors (+$0.57 with Zr3Si2 reflector)
whereas a pin core may require a low-keff reflector in order to keep the void reactivity
below acceptable limits.
If required in order to bring void reactivity down to an acceptable value in the
final design, several prospective passive reactivity feedback devices were introduced:
either custom-designed for the GFR or modifications of concepts suggested earlier for
LMR service. Devices which would add negative reactivity in overpower or LOF
transients were also described. These devices would be compatible with any of the
reference core designs evaluated thus far this work. However, at present, core
configuration or composition modification appears to be better approaches. Nevertheless,
these devices can be held in reserve as potential means to alleviate unanticipated
reactivity control and feeback problems which may arise later in the detailed design
process.
Overall, present work has confirmed that the S-CO2-cooled GFR concept has
promising characteristics which indicate that a safe and competitive design could be
developed in future work.
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Table 8-1. Summary of key findings grouped by reference core type, all titanium reflected.
70/30 SiC/(U,TRU)C ODS-MA956 clad ODS-clad (U,TRU)0 2
cercer matrix core (U,TRU)C pin core Tube-In-Duct core
21.2 w/o TRU 14.5 w/o TRU 13.2 w/o TRU
(Table 2-1) (Table 4-2) (Table 4-4)
· CR at BOL = 0.85 · CR at BOL = 1.20 · CR at BOL = 1.37
· Matrix volume fraction * Reactivity-limited * Good neutron economy
needs to be decreased to burnup of 120 MWd/kg with oxide VIPAC fuel.
be viable. in reference case. * Burnup calculations
Neutron * If matrix volume * Higher-leakage reserved for immediate
Economy fraction is decreased to geometries used to future work.
60%, a burnup of 80 lower void reacitivity
MWd/kg can be decrease reactivity-
achieved. (Section 4.2) limited burnup (see
Section 4.4.3)
* Lowest void reactivity * Reference ODS-clad * Reference case has
of reference designs design has Ak = +$2.50 coolant void Ak of
(+$0.22 in reference * Increasing leakage with +$1.37
core). pancaking reduces void * Good neutron economy
* Increasing ratio of fuel significantly with CO2 suggests that margin
Coolant Void to matrix volumes does coolant: to +$0.14 at exists for increasing
Reactivity not cause significant H/D = 0.5 leakage (e.g. pancaking)
void increase (Section · If titanium cladding is to decrease void
4.2) used, a H/D of 0.75 reactivity.
* Even much larger cores gives burnup of 100 * Replacement of ODS
of this fuel type have MWd/kg and void Ak of cladding and duct walls
void Ak < 50¢ (Section less than 50. (see with Ti decreases void
4.3) Section 4.4.3) to +$1.10.
* Much fuel R&D is * Great deal of experience · Some past design and
required for this design with pin cores in fast testing performed on
concept. reactors, although vented fuel (Section
* Structural integrity of mostly with oxide fuel. 4.5).
matrix at high bumup is * Core expansion · Core expansion
Stage of still a question. enhancement schemes mechanisms for tube-in-
Research and * This is the ANL/CEA (flowering) are well duct fuel are not
Development led INERI project, so developed and tested. developed.
proof testing is an * May need double-
eventual possibility. walled cladding to
* Core expansion protect UC from
reactivity feedback not oxidation by CO2
clear.
* dkldT = -2.0 pcm/K at * dk/dT = -0.7 pcm/K at · dk/dT = -1.0 pcm/K at
750K 750K 750K
* Decrease in matrix · Greater Doppler · Comparable Doppler to
Doppler volume fraction may feedback than original Clinch River LMFBR
harden spectrum and GA GCFR design.
degrade Doppler.
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8.2 Recommended Future Work
For a direct cycle employing S-CO 2 as the core coolant/cycle working fluid, UO2
is the preferred fuel form since UC and UN are oxidized by CO 2 in the event of a
cladding defect. This in turn leads to the need for high-volume fraction fuel in cores
having a reflector rather than a breeding blanket, so as to avoid excessive reactivity swing
during burnup. Accordingly, a block configuration, tube-in-duct assembly becomes a
more favorable option. However, to then avoid the need for a thick duct wall to
withstand large external versus internal pressure differences and to permit very high
burnup at the highest tolerable clad temperature, vented fuel attracts interest.
Accordingly, a thorough assessment of the use of vented tube-in-duct assemblies is
recommended. The most significant open questions regarding fuel assemblies of this
type are their coupled thermal-hydraulic-reactivity response during transients. Hence this
area should be a priority in any future research agenda.
Continued work should take place on GFR design of a larger core (2400 MWth)
with immediate attention to the tube-in-duct fuel type. As mentioned before, the high
conversion ratio in the reference tube-in-duct case should allow an increase in leakage
(e.g. lowering H/D) in order to lower void reactivity to acceptable levels while preserving
the ability to achieve sufficient reactivity-limited burnup. A study of the effects of H/D
on core performance of a 100 kW/l tube-in-duct core of constant volume (-24 m3) is a
priority.
Another issue of importance is the corrosion resistance in S-CO2 of fluence-
resistant fast reactor cladding such as the ODS steels. AGR thermal reactor cladding
resists CO2 corrosion, but is of a type having inadequate performance under the high fast
neutron fluence characteristic of fast reactors. Tests should be carried out in-pile where
the radiolysis products of CO2 are also present.
An additional topic deserving more attention is fuel cycle economics. In the
1970's, the GA GCFR (US), the ETGBR (UK) and the GBR-4 (Europe) GFRs were
designed to have core power densities of 235, 170 and 188 kW/l and specific powers of
95, 58 and 81 kW/kgHM, respectively. Moreover, reprocessing cost estimates have risen
since the 1970's. Hence it is questionable as to whether the GFR can be economically
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competitive as currently envisioned (i.e. 100kW/i). Part of the motivation for core de-
rating has been the desire to facilitate passive decay heat removal for shutdown cooling:
and issue which is currently under evaluation in other GFR projects at MIT.
108
References
Antill, J.E., K.A. Peakall, "Oxidation Behavior of Defective Fuel Elements," Jornal of
Nuclear Energy, Parts A/B, 19, pg. 935-47 (1965).
Ashley, S., "Alchemy of a Supermetal," Scientific American, Vol. 289, No.4, October
2003.
Bittermann, D., J. Starflinger, "Turbine Technologies for High Performance Light Water
Reactors," Proc. of 2004 International Congress on Advances in Power Plants (ICAPP
2004), Pittsburgh, Pennsylvania, June 13-17, 2004.
Bollmann, C.A., "Optimization of DUPIC Cycle Environmental and Economic
Performance," S.M. Thesis, Massachusetts Institute of Technology, Department of
Nuclear Engineering, 1998.
Briesmeister, J.F., "MCNP-A General Monte Carlo N-Particle Transport Code, Version
4C," LA-13709--M, Los Alamos National Laboratory, 1980.
Browning, P., P.E. Potter, "An Assessment of the Experimentally Determined Vapour
Pressures of the Liquid Alkali Metals," Handbook of Thermodynamic and Transport
Properties of Alkali Metals, R.W. Ohse (ed), Blackwell Scientific Publications, Oxford,
1985.
Bugl, J., A.A. Bauer, BMI-1692.
Capana, R.J., J.R. Lindgren, "Irradiation Testing of Desingn Models for the GCFR Fuel
Pressure Equalization (Vent) System," Nuclear Engineering and Design, Vol. 26, p. 201,
1974.
Carstens, N.A., M.J. Driscoll, "LOCA-Powered SCRAM Device for GFRs," Trans. Am.
Nucl. Soc., Vol. 89, November 2003.
Carstens, N.A., "Speedup of MCNP(X) Parallel KCODE Execution Via Communication
Algorithm Development and Beowulf Cluster Optimization," S.M. Thesis, Massachusetts
Institute of Technology, Department of Nuclear Engineering, January 2004.
Croff, A.G., "A User's Manual for the ORIGEN2 Computer Code, ORNL/TM-7175,
Oak Ridge National Laboratory, 1980.
Dostal, V., "A Supercritical Carbon Dioxide Cycle for Next Generation Reactors," MIT-
ANP-TR- 100, January 2004.
Driscoll(1), M.J., M.A. Pope, P. Hejzlar, "Self-Actuated Reactivity Insertion Device for
GFR Service," Trans. Am. Nucl. Soc., Vol. 89, November 2003.
109
Driscoll(2), M.J., M.A. Pope, P. Hejzlar, "Device for Passive Reactivity Insertion During
GFR LOCA," Trans. Am. Nucl. Soc., Vol. 89, November 2003.
Driscoll(3), M.J., P. Hejzlar, N.E. Todreas, B. Veto, "Modem Gas-Cooled Fast Reactor
Safety Assurance Considerations," MIT-ANP-TR-087, May, 2003.
Driscoll, M.J., Personal Communication, July 1, 2004.
ENDFPLOT, Online Plotter for MCNP and ENDF Cross-Section Data,
http://atom.kaeri.re.kr/endfplot.shtml, Korea Atomic Energy Research Institute, 2000.
GIF (Generation IV International Forum), "A Technology Roadmap for Generation IV
Nuclear Energy Systems," GIF-002-00, issued by the U.S. DOE Nuclear Energy
Research Advisory Committee and the Generation IV International Forum, 2002.
Hejzlar, P. "Conceptual Design of a Large, Passive, Pressure-Tube Light Water
Reactor", ScD Thesis, Massachusetts Institute of Technology, Department of Nuclear
Engineering, 1994.
Hejzlar, P., M.J. Driscoll, M.S. Kazimi, "Conceptual Neutronic Design of a Lead-
Bismuth-Cooled Actinide Burning Reactor," Nucl. Sci. Eng., Vol. 139, 138 (2001).
Hejzlar, P., M.J. Driscoll, N.E. Todreas, "The Long-Life Modular Gas Turbine Fast
Reactor Concept," International Congress on Advanced Nuclear Power Plants,
Hollywood, Florida, June 9-13, 2002.
Hill, R.N., J.E. Cahalan, H.S. Khalil and D.C.Wade, "Development of Small, Fast
Reactor Core Design Using Lead-Based Coolant," Proc. Global '99 Int. Conf. on Future
Nuclear Systems, Jackson Hole, WY, August 1999.
Hill, S. Get Tough!, "New Scientist, " June 30, 2001.
de Hoffmann, F., C.L. Rickard, "High Temperature Gas-Cooled Reactors", Proceedings
of the 3r d International Conference on the Peaceful Uses of Atomic Energy (ICPUAE),
Vol. 5, 1965.
Huebotter, P.R., J.B. van Earp, W.Y. Kato, L.F. Epstein, J. Josephson, E.S. Sowa, J.F.
Schumar, "Self-Actuated Shutdown Systems for LMFBR Plants," Trans. Am. Nucl. Soc.,
Vol. 21, June 8-13, 1975.
Jevremovic, T., Y. Oka, S. Koshizuka, "Negative Void Reactivity in Fast Breeder
Reactors Realized by Adding Thin Zirconium Hydride Layers Between Seeds and
Blankets," Proc. Int. Conf. Design and Safety of Advanced Nuclear Power Plants, Tokyo,
Japan, October 25-29, 1992, Atomic Energy Society of Japan (1992).
110
Kambe, M., M.. Uotani, "Design and Development of Fast Breeder Reactor Passive
Reactivity Control Systems: LEM and LIM," Nuclear Technology, Vol. 122, p. 179, May
1998.
Kambe, M., H. Tsunoda, K. Mishima, T. Iwamura, "Rapid-L Operator-Free Fast Reactor
Concept Without Any Control Rods," Nuclear Technology, Vol. 143, No. 1, p. 1 1, July
2003.
Kasai, S., H. Igakura, K. Matsumoto, I. Ikarimoto, K. Nakai, S. Kotake, "A Study of
Enhanced Thermal Elongation Mechanism (ETEM) of Control Rod Drive Line (1), Trial
Fabrication and Static Test of the ETEM," Trans. Mtg. Atomic Energy Society of Japan,
Kobe, Japan, October 9-11, 1993, p. 212, Atomic Energy Society of Japan (1993) (in
Japanese).
Kaufmann, A.R., Nuclear Reactor Fuel Elements: Metallurgy and Fabrication,
Interscience Publishers, New York (1962).
Kessler, S.F., "Reduction of the Sodium-Void Coefficient of Reactivity by Using a
Technetium-99 Layer," Proc. Global '93 Int. Conf: and Technology Exhibition, Seattle,
Washington, September 12-17, 1993, Vol. 2, p. 1289, American Nuclear Society (1993).
Kimura, A., G.S. Cho, J.S. Lee, R. Kasada, S. Ukai, M. Fujiwara, "R&D of Oxide
Dispersion Strengthening Steels for High Bum-up Fuel Claddings," Proc. of 2004
International Congress on Advances in Power Plants (ICAPP 2004), Pittsburgh,
Pennsylvania, June 13-17, 2004.
Kun Yu, M.J. Driscoll, P. Hejzlar, "Neutronic Screening of Diluents for GCFR Fuel,"
Trans. Am. Nucl. Soc., Vol. 87, November 2002.
Kun(1) Yu, M.J. Driscoll, P.J. Yarsky, M.A. Pope, P. Hejzlar, "Comparison of GFR
Core Reflectors," Trans. Am. Nucl. Soc., Vol. 88, June 2003.
Kun(2) Yu, M.J. Driscoll, P. Hejzlar, "Neutronic Evaluation of GCFR Core Diluents",
MIT-ANP-TR-086, Massachusetts Institute of Technology, June 2003.
Lanced, R.T.. E.R. Specht, M. Cooper, R. Adkins, H.S. Bailey, A.L. Grantz, A. Millunzi,
"Inherently Safe Reactor Design," Proc. Int. Conf: Optimization of Sodium-Cooled Fast
Reactors, " London, England, November 28-December 1, p. 101, British Nuclear Energy
Society (1977).
Mayorshin, A.A., O.V. Skiba, V.A. Tsykanov, V.A. Kisly, "Russian Experience in
Using UPuO2 Vibropac Fuel Pins in Fast Reactors, " Proc. 8 h Int. ConfJ: on Nuclear
Engineering (ICONE *), Baltimore, Maryland, April 2-6, 2000.
McLain, S., J.H. Martens, eds., Reactor Handbook, 2nd Edition, Vol. IV, Engineering,
Interscience Publishers, New York, 1964.
111
O'Driscoll, W.G., C. Tyzack, T. Raine, "Development of Zr Alloys Resistant to Gaseous
Oxidation," Proc. of the Second United Nations International Conference on the Peaceful
Uses of Atomic Energy, Vol. 5 Properties of Reactor Materials, Geneva, September 1-13,
1958.
O'Neill, G.L., et., al., "A Technical and Economic Evaluation of Vented Fuel for
Sodium-Cooled Fast Ceramic Reactors", GEAP-4770, May 1965.
Opila, E.J., N.N. QuynhGiao, "Oxidation of Chemically-Vapor-Deposited Silicon
Carbide in Carbon Dioxide," Journal of American Ceramic Society, Vol. 81, No. 7, p.
1949-52, 1998.
Peckner, D., I.M. Bernstein, Handbook of Stainless Steels, McGraw Hill, 1977.
Plaue, J., "Evaluation of Uranium Carbide and Sulfide Fuels for a Gas-Cooled Fast
Reactor Utilizing Dry Reprocessing," S.M. Thesis, Massachusetts Institute of
Technology, Department of Nuclear Engineering, 2003.
Poette, C., J.C. Gamier, J.C. Bosq, J. Rouault, M. Delpech, T.A. Taiwo, E. Hoffman, M.
Fatone, T.Y.C. Wei, "Development of Gen IV Advanced Gas-Cooled Reactor with
Hardened/Fast Neutron Spectrum," GFR 004, International Nuclear Energy Research
Initiative #2001-002-F, (2003).
Pope, M.A., M.J. Driscoll, P. Hejzlar, "Reactor Physics Studies in Support of GFR Core
Design," GLOBAL 2003, New Orleans, Louisiana, November 16-20, 2003.
Slovic, G.C., G.J. Van Tuyle, S. Sands, "Assessment of PRISM Responses to Loss of
Flow Events," Proc. Int. Conf Design and Safety of Advanced Nuclear Power Plants,"
Tokyo, Japan, October 25-29, 1992, p. 26.5-1, Atomic Energy Society of Japan (1992).
SMC (Special Metals Corporation), Publication Number SMC-008, 1999.
Sowa, E.S., J. Josephson, "A Magnetic Curie Point Inherent Shutdown Assembly (ISA)
for LMFBR Plants," Trans. Am. Nucl. Soc., Vol. 22, November 16-21, 1975.
Specht, E.R., R.K. Paschall, M. Marquette, A. Jackola, "Hydraulically Supported Balls
Shutdown System for Inherently Safe LMFBRs," Proceedings of the International
Meeting of Fast Reactor Safety and Related Physics," CONF-761001, Vol. 2, October
1976.
Talwar, B., Preconceptual Design Stud of Proliferation Resistant Homogeneous Oxide
LMFBR Cores, GEFR-00392 (DR)-Rev. 1, General Electric Co., Sunnydale, CA,
September 1978, 5.14.
112
Thon, S., Selection of Materials for a Supercritical CO 2 Cooled GCFR, MIT-GCFR-001,
August, 2002.
Torri, A., M.J. Driscoll, Reactivity Insertion Mechanisms in the GCFR, General Atomic
Report GA-A12934, April 10, 1974.
Tulenko, J.S., G. Schoessow, "Nuclear Fuel Concept for the 21s t Century," Trans. Am.
Nucl. Soc., Vol. 75, November 1996.
Uchikishi, H., B. Ishii, Japan-US Reasearch Newsletter on Ceramic Fuels, No.5, pg. 30
(1966).
Venkatesh, M.C., General Atomics Corp., Personal Communication, March 2004.
Waltar, A.E., A.B. Reynolds, Fast Breeder Reactors, Pergamon Press, New York, 1981.
Weaver, K.D., J. Carbonnier, T. Mizuno, J. Rouault, T.Y.C. Wei, M.J. Driscoll,
"Generation IV Nuclear Reactors: The Gas-Cooled Fast Reactor (GFR)," Proceedings of
the 14th Pacific Basin Nuclear Conference, Honolulu, Hawaii, March 21-25, 2004.
Xu, Z., P. Hejzlar, M.J. Driscoll, M.S. Kazimi, "An Improved MCNP-ORIGEN
Depletion Program (MCODE) and its Verification for High-Burnup Applications,"
International Conference on the New Frontiers of Nuclear Technology: Reactor Physics,
Safety and High-Performance Computing (PHYSOR 2002), Seoul, Korea, October 7-10,
2002.
Yarsky, P.J., "Neutronic Evaluation of GFR Breed and Burn Fuels," MIT-GFR-005,
Center for Advanced Nuclear Energy Systems, Department of Nuclear Engineering,
Massachusetts Institute of Technology, May 2003.
Ziu, C.G., Handbook of Double Containment Piping Systems, McGraw-Hill Education,
New York, 1995.
113
Appendix A
Table Al. List of fission product nuclides tracked by MCODE in burnup analyses.
ZAID Nuclide Library Source Temperature (K)
35081.55c 81Br misc5xs LANL / T-2 293.6
36083.50c 83Kr rmccsa ENDF/B-V 293.6
36084.50c 84Kr rmccsa ENDF/B-V 293.6
37085.55c 85Rb misc5xs LANL / T-2 293.6
37087.55c 87Rb misc5xs LANL / T-2 293.6
39089.60c 89y endf60 ENDF/B-VI 293.6
40090.62c 90Zr zr90.300 UT:ENDF/B-VI 300
40091.96c 91 Zr ornlxsbl ENDF/B-VI 300
40092.62c 92Zr zr92.300 UT:ENDF/B-VI 300
40093.50c 93Zr kidman ENDF/B-V 293.6
40094.62c 94Zr zr94.300 UT:ENDF/B-VI 300
40096.62c 96Zr zr96.300 UT:ENDF/B-VI 300
41095.96c 95Nb ornlxsbl ENDF/B-VI 300
42095.50c 95 Mo kidman ENDF/B-V 293.6
42096.96c 96Mo ornlxsbl ENDF/B-VI 300
42097.60c 97 Mo mason1 ENDF/B-VI 293.6
42098.50c 98Mo mason1 ENDF/B-VI 293.6
42100.50c 00°°Mo mason1 ENDF/B-VI 293.6
43099.50c 99Tc kidman ENDF/B-V 293.6
44100.96c '°°Ru ornlxsbl ENDF/B-VI 300
44101.50c '0 1' Ru kidman ENDF/B-V 293.6
44102.60c 102Ru masoni ENDF/B-VI 293.6
44103.50c 103Ru kidman ENDF/B-V 293.6
44104.96c '04Ru ornlxsbl ENDF/B-VI 300
45103.50c 103Rh rmccsa ENDF/B-V 293.6
46104.96c 10 4 pd ornlxsbl ENDF/B-VI 300
46105.50c 105 pd kidman ENDF/B-V 293.6
46106.96c 106pd ornlxsbl ENDF/B-VI 300
461 08.50c 108pd kidman ENDF/B-V 293.6
46110.96c 110Pd ornlxsbl ENDF/B-VI 300
47109.60c '09Ag endf60 ENDF/B-VI 293.6
48110.62c 11"Cd cdll10.300 UT:ENDF/B-VI 300
48111.62c "11 Cd cdl 11.300 UT:ENDF/B-VI 300
48112.62c 112Cd cd 12.300 UT:ENDF/B-VI 300
48113.60c 1 1 3Cd mason1 ENDF/B-VI 300
48114.62c 1 14Cd cd114.300 UT:ENDF/B-VI 300
49115.60c 1 51n mason1 ENDF/B-VI 293.6
50117.96c 1 17 Sn ornlxsbl ENDF/B-VI 300
51121.96c 121Sb ornlxsbl ENDF/B-VI 300
51123.96c 123Sb ornlxsbl ENDF/B-VI 300
52125.96c 125Te ornlxsal ENDF/B-VI 300
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52128.96c 128Te ornlxsa 1 ENDF/B-VI 300
52130.96c 13Te ornlxsa 1 ENDF/B-VI 300
53127.60c 1271 endf60 ENDF/B-VI 293.6
53129.60c 1291 endf60 ENDF/B-VI 293.6
54128.62c 128Xe xe128.300 UT:ENDF/B-VI 300
54130.62c 130Xe xe 130.300 UT:ENDF/B-VI 300
54131.50c 131Xe kidman ENDF/B-V 293.6
54132.62c 132 Xe xe 132.300 UT:ENDF/B-VI 300
54134.62c 134Xe xe134.300 UT:ENDF/B-VI 300
541 35.50c '35Xe endf5mttll ENDF/B-V 293.6
54136.62c 136Xe xe136.300 UT:ENDF/B-VI 300
55133.60c 133 Cs endf60 ENDF/B-VI 293.6
55134.60c 134 Cs endf60 ENDF/B-VI 293.6
55135.60c 135Cs endf60 ENDF/B-VI 293.6
551 37.60c 137 Cs endf60 ENDF/B-VI 293.6
56130.96c 13 0Ba ornlxsa 1 ENDF/B-VI 300
56132.96c 32Ba ornlxsal ENDF/B-VI 300
56134.62c 134 Ba ba134.300 UT:ENDF/B-VI 300
56135.96c 135Ba ornlxsa 1 ENDF/B-VI 300
56136.96c 13 6Ba ornlxsa1 ENDF/B-VI 300
56137.62c 137Ba ba137.300 UT:ENDF/B-VI 300
56138.60c 138 Ba endf60 ENDF/B-VI 293.6
571 39.60c 139La mason1 ENDF/B-VI 293.6
58140.96c 140Ce ornlxsbl ENDF/B-VI 300
58142.96c 142Ce ornlxsbl ENDF/B-VI 300
59141.50c 141Pr kidman ENDF/B-V 293.6
60142.96c 142Nd ornlxsbl ENDF/B-VI 300
60143.50c 14 3Nd kidman ENDF/B-V 293.6
60144.96c 144Nd ornlxsbl ENDF/B-VI 300
60145.50c 145Nd kidman ENDF/B-V 293.6
60146.96c 146Nd ornlxsbl ENDF/B-VI 300
60148.50c 148 Nd kidman ENDF/B-V 293.6
60150.96c 150Nd ornlxsbl ENDF/B-VI 300
61147.50c 147Pm kidman ENDF/B-V 293.6
61148.60c 14 8 mpm mason1 ENDF/B-VI 293.6
62147.50c 147 Sm kidman ENDF/B-V 293.6
62148.96c 148Sm ornlxsa1 ENDF/B-VI 300
62149.50c' 1 49 Sm endf5u ENDF/B-V 293.6
62150.50c 150Sm kidman ENDF/B-V 293.6
62151.50c 151 S m kidman ENDF/B-V 293.6
62152.50c S 152 m kidman ENDF/B-V 293.6
62154.96c: 154Sm ornlxsa 1 ENDF/B-VI 300
63151.60c: '5'Eu endf60 ENDF/B-VI 293.6
63152.50c 152Eu endf5u ENDF/B-V 293.6
63153.60c 153Eu endf60 ENDF/B-VI 293.6
631 54.50c 154Eu endf5u ENDF/B-V 293.6
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631 55.50c 155Eu kidman ENDF/B-V 293.6
64154.60c 154 Gd endf60 ENDF/B-VI 293.6
64155.60c 155Gd endf60 ENDF/B-VI 293.6
64156.60c 156Gd endf60 ENDF/B-VI 293.6
641 57.60c '57Gd endf60 ENDF/B-VI 293.6
64158.60c 158Gd endf60 ENDF/B-VI 293.6
651 59.96c 159Tb ornlxsbl ENDF/B-VI 300
66160.96c 160Tb ornlxsbl ENDF/B-VI 300
66161.96c 161 Tb ornlxsbl ENDF/B-VI 300
66162.96c 162Tb ornlxsbl ENDF/B-VI 300
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Table A2. List of actinides tracked by MCODE in burnup analyses
ZAID Actinide Library Source Temperature (K)
90232.60c 232Th endf60 ENDF/B-VI 293.6
90233.35c 233Th endI85 ENDL85 / LLNL 0
91231.60c 231Pa endf60 ENDF/B-VI 293.6
91233.50c 233pa endf5u ENDF/B-V 293.6
92232.60c 232u endf60 ENDF/B-VI 293.6
92233.60c 233U endf60 ENDF/B-VI 293.6
92234.60c 234U endf60 ENDF/B-VI 293.6
92236.60c 236u endf60 ENDF/B-VI 293.6
92237.50c 237U endf5p ENDF/B-V 293.6
92239.35c 239U rmccsa ENDL85 / LLNL 0
93235.35c 235N endI85 ENDL85 / LLNL 0
93236.35c 236Np endI85 ENDL85 / LLNL 0
93238.35c 238Np endI85 ENDL85 / LLNL 0
94237.60c 237pu endf60 ENDF/B-VI 293.6
95242.96c 242Am hfirxs 1 ENDF/B-VI 300
96242.60c 24 2Cm endf60 ENDF/B-VI 293.6
96243.60c 2 43 Cm endf60 ENDF/B-VI 293.6
96245.60c 24 5Cm endf60 ENDF/B-VI 293.6
92235.10c( 235u JEF/U 235 1000 JEF-2.2 1000
92238.1 Oc 238U JEF/U 238 1000 JEF-2.2 1000
93237.10c 237N JEF/N p_237 1000 JEF-2.2 1000
94238.1 Oc 238pU JEF/Pu 238 1000 JEF-2.2 1000
94239.1 Oc 239 pu JEF/Pu 239 1000 JEF-2.2 1000
94240. 10 c 240 pu JEF/Pu 240 1000 JEF-2.2 1000
94241.10c 241Pu JEF/Pu 241 1000 JEF-2.2 1000
94242.10 c 2 4 2 pU JEF/Pu 242 1000 JEF-2.2 1000
95241.10c 241Am JEF/Am 241 1000 JEF-2.2 1000
95243.1 Oc 243Am JEF/Am 243 1000 JEF-2.2 1000
96244.1 Oc_ 244Cm JEF/Cm 244 1000 JEF-2.2 1000
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Table A3. List of cross-sections used for reflector materials.
ZAID Material Library Source Temperature (K)
13027. 10c 27Al JEF/AI 27 1000 JEF-2.2 1000
56130.96c 130Ba ornlxsbl ENDF/B-VI 300
56132.96c 132Ba ornlxsbl ENDF/B-VI 300
56134.62c 134Ba ba 134.300 UT:ENDF/B-VI 300
56135.62c 135Ba ba135.300 UT:ENDF/B-VI 300
561 36.62 136 Ba ba136.300 UT: ENDF/B-VI 300
56137.62c 137Ba ba 137.300 UT:ENDF/B-VI 300
56138.62c 138Ba ba138.300 UT:ENDF/B-VI 300
6000.60c C endf60 ENDF/B-VI 293.6
20000.60c Ca endf60 ENDF/B-VI 293.6
29000.50c Cu rmccs ENDF/B-V 293.6
26000.42c Fe endI92 ENDL/LLNL 300.1
42000.60c Mo endf60 ENDF/B-VI 293.6
8016.60c 160 endf60 ENDF/B-VI 293.6
82000.50c Pb rmccs ENDF/B-V 293.6
16000.60c S endf60 ENDF/B-VI 293.6
21045.60c Sc endf60 ENDF/B-VI 293.6
14000.60c Si endf60 ENDF/B-VI 293.6
22000.10c Ti JEF/Ti nat 1000 JEF-2.2 1000
92235.10Oc 235U JEF/U 235 1000 JEF-2.2 1000
92238.1 Oc 238U JEF/U 238 1000 JEF-2.2 1000
23000.50c V rmccs ENDF/B-V 293.6
30000.42c Zn endl92 ENDL/LLNL 300.1
40000.1 0c Zr JEF/Zr nat 1000 JEF-2.2 1000
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Table A4. Composition of INCOLOY® alloy MA956 in weight percent.
Constituent I Fe ICr Al I Ti Ic I Y203
wt. % 74 20 4.5 0.5 0.05 0.5
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Appendix B
Table B 1. Sample input deck for SiC/(U,TRU)C cercer matrix core as shown in Table
2-1.
GCFR Matrix Core SiC/(U,TRU)C, Nat. Uranium and TransUranics, 25.6% coolant,
c the following are the input data to create this mcnp input deck
c This core makes use of 2 radial enrichment zones to flatten power while
c maintaining constant U+TrU amounts.
c inner fuel is 21% TRU
c outer fuel is 30% TRU
c Titanium matrix
c CERMET with UPuC 30 volume percent
c lcore pitch Nblocks
c 180.0000 1.8270 127
c Rcool Ncool
c 0.500 91
c rho co2
c 0.1370
c Pu vectors w/o
c Pu238
c 0.0100
c MA vectors w/o
c Np237
c 0.3000
c
Pu239
0.6300
Pu240 Pu241 Pu242
0.2900 0.0100 0.0600
Am241 Am242 Am243 Cm244
0.6450 0.000 0.0510 0.0040
c
c cell specification
c
c mt density geomtry
1 8 5.62528945E-03 -1 u=2 imp:n=l vol=17153. $ coolant hole
2 1 7.4234E-02 1 u=2 imp:n=l vol=49680. $ inner fuel
3 8 5.62528945E-03 -1 u=3 imp:n=l vol=17153. $ coolant hole
4 10 7.4226E-02 1 u=3 imp:n=l vol=49680. $ outer fuel
8 8 5.62528945E-03 -1 u=4 imp:n=l vol=17153. $ coolant hole
9 4 5.7116E-02 1 u=4 imp:n=l vol=49680. $ Ti reflector
101 1 7.423400E-02 -21 22 -23 -24 -25 -26 $ inner fuel
imp:n=l u=l lat=2 fill=-6:6 -6:6 0:0
0 0 0 0 0 0 1 1 1 1 1 1 100000122222210000122222221000122222222100122222222210122222222221122222222222112222222222101222222222100122222222100012222222100001222222100000
1 1 1 1 1 1 1 0 0 0 0 0 0
102 10 7.4225E-02 -21 22 -23 -24 -25 -26 $ outer fuel
imp:n=l u=5 lat=2 fill=-6:6 -6:6 0:00000005555555000005333333500005333333350005333333335005333333333505333333333355333333333335
120
5 3 3 3 3 3 3 3 3 3 5 0
5333, 333333500
5 3 3 3 3 3 3 3 5 0 0 0
5 3 3 3 33 3 35 0 00 0
5 3 3 3 3 3 3 5 0 0 0 0 0
5 5 5 5 5 5 0 0 0 0 0 0
110 4 5.71163E-02 -21 22 -23 -24 -25 -26 $Ti block
imp:n=l u=6 lat=2 fill=-6:6 -6:6 0:0
0 0 0 0 0 6 6 6 6 6 6 6
0 0 ) 0 0 6 4
0 0 0 6 4 4
0 0 0 6 4 4 4
0 0 6 4 4 44
0 6 4 4 4 4
6 4 4 4 4 4
6 4 4 4 4 4 4
6 4 4 4 4 4 4644444464444446444444
6 6 6 6 6 6
111 20 1.3755E-01
imp:n=l u=7000 0007
0 0 0 0 0 7 700007770007777007777707777777777777
777777777777777777777777777777777777777777
120 8 5.6250E-03
imp:n=l f0 0 0 0 00 0 0 0 00 0 0 0 0000 0 1
0 0 1 1 11 1 1 1 10 1 1 1 5
0 0 1 5 5
0 0 I0 5 6
0 0 D0 0 6
0 O 0 0 0
130 0
140 8 5.6250E-03
irnp:n=l f
0 O 0 0 0
0 0 O 0 0
0 0 0 0 0
0 0 0 0 6
0 0 6S 6 6
6 6 6 6 6
0 6 6 6 6
0 0 (6 6 6
0 0 0 6 6
0 0 C) 0 6
444446444446444446444446444446444446
444460444600446000460000600000
0 0 0 0 0 0
-21 22 -23 -24 -25 -26
lat=2 fill=-6:6 -6:6 0:0777777777777777777777777
777777777777777777777770777700777000770000
7000000 0 0 0 0 0
-27 -28 -29 30 -31 -32
ill=0:11 -5:5 0:0
0 0 0 0 0 12 12
0 0 0 6 7 12 12
0 5 6 6 7 12 12
5 5 6 6 7 12 12
5 5 6 6 7 12 12
5 5 6 7 12 12 12
5 6 6 7 12 12 12
6 6 7 12 12 12 12
6 7 12 12 12 12 12
7 12 12 12 12 12 12
12 12 12 12 12 12 12
+61 +62 -501 403 -407
-27 -28 -29 30 -31 -32
ill=0:11 -5:5 0:0
0 0 0 0 0 20 20
0 0 0 6 7 20 20
0 6 6 6 7 20 20
6 6 6 6 7 20 20
6 6 6 6 7 20 20
6 6 6 7 20 20 20
6 6 6 7 20 20 20
6 6 7 20 20 20 20
6 7 20 20 20 20 20
7 20 20 20 20 20 20
$99w/o enriched boron carbide
u=12 lat=2
fill=12 imp:n=l $ core
u=20 lat=2
0 0 O 0 0 20 20 20 20 20 20 20
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141 0 +61 +62 -501 402 -403 fill=20 imp:n=l $ bot ref
150 8 5.6250E-03 -27 -28 -29 30 -31 -32 u=21 lat=2
imp:n=l fill=0:11 -5:5 0:0
0 0 0 0 0 0 0 0 0 0 21 210 0 0 0 0 0 0
0 0 0 0 0 6 6
0 0 0 6 6 6 6
0 6 6 6 6 6 6
6 6 6 6 6 6 6
6 6 6 6 6 6 6
0 6 6 6 6 6 7
0 0 6 6 6 7 21
0 0 0 6 7 21 21
0 0 0 0 21 21 21
+61
8.43636880E-02 -501
1.43636880E-02 -501
62528945E-03 61 62
404 8 5.62528945E-03
6 7 2
6 7 2
6 7 2
6 7 2
7 21 2
7 21 2
21 21 2
21 21 2
21 21 2
21 21 2
+62 -501
61 62
61 62
-501
1 21
1 21
1 21
1 21
1 21
1 21
1 21
1 21
1 21
1 21
407 -408 fill=21 imp:n=l $ up ref
401 -402 imp:n=l $ lower plate
408 -409 imp:n=l $ upper plate
409 -410 imp:n=l $ chimney
61 62 -503 400 -401 imp:n=l $ l.plenum
3 8.43636880E-02 501 -502 61 62 401 -410 imp:n=l
8 5.62528945E-03 502 -503 61 62 401 -410 imp:n=l
3 8.43636880E-02 503 -504 61 62 400 -410 imp:n=l
0 -61:-62: 504:-400:410 imp:n=0
end of cell specification
$ core barrel
$ downcomer
$ vessel wall
$ outside
c
c surface specification
c
c trn card constants for equations
cz
px
px
p 0.527409471
p -0.527409471
p -0.527409471
p 0.527409471
p 8.965961005
p -8.965961005
PY
PY
p -8.965961005
p 8.965961005
p 94.933704763
PY
pz
pz
pz
pz
pz
pz
pz
pz
cz
cz
cz
cz
pz
pz
pz
pz
pz
pz
0.5000
0.25
0.913500000
-0.913500000
0.913500000
-0.913500000
5.176500000
-5.176500000
5.176500000
-5.176500000
-54.810000000
0.91350000
-0.91350000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
8.96596100
-8.96596100
0.000000000
0.000000000
0.000000000
0.0
0
130.000
150.000
250.000
430.000
530.000
540.000
670.000
165.
168.
208.
223.
241.818182
263.636364
285.454545
307.272727
329.090909
350.909091
$ coolant chann
$coolant hole
$ plane 1
$ plane 2
0.963577103 $ plane
0.963577103 $ plane
0.963577103 $ plane
0.963577103 $ plane
92.824594288 $ plane
92.824594288 $ plane
5 $ plane 3
05 $ plane 4
92.824594288 $ plane
92.824594287 $ plane
0.000000000 $ symmet
$ symmetry
$ bottom boundary
$ lower plate-bottom
$ lower refl-bot
$ core-bottom
$ core-top
$ upper ref-top
$ top plate
$ top boundary
$ barrel in
$ barrel out
$ vessel in
$ vessel out
$ segment surface
$ segment surface
$ segment surface
$ segment surface
$ segment surface
$ segment surface
122
0
0
0
0
6
0
0
0
0
0
0
3
3
151
51
52
403
8
8
8 5.
405
406
407
1000
c
1 cz
3
21
22
23
24
25
26
27
28
29
30
31
32
*61
*62
400
401
402
403
407
408
409
410
501
502
503
504
7001
7002
7003
7004
7005
7006
pz
pz
pz
pz
end of surface specification
372.727273
394.545455
416.363636
438.181818
$ segment surface
$ segment surface
$ segment surface
$ segment surface
c
c data specification
c
c problem type
mode n
c
c cell and surface parameters
c
c source specification
c
c 9. kcode criticality source card
c nsrck rkk ikz kct msrk knrm
kcode 24000 1.0 2 125
prdmp 125 125
c 10. ksrc source point for kcode calculation
c xl yl zl... location for initial source point
c ksrc 0.687500 0.550000 244. 0.687500 0.550000 292.
c 0.687500 0.550000 340. 0.687500 0.550000 388.
c 0.687500 0.550000 436.
c f15:n 207. 1. 340. +0.98
c f25:n 179.:2673 1. 340. +0.98
c el5 1. 20.
c e25 1. 20.
c Flux tally at surface of reactor vessel
f2:n 503
fc2 flux tally at surface of reactor vessel
fs2 -7001 -7002 -7003 -7004 -7005 -7006 -7007 -7008 -7009 -7010
sd2 4729.5 4729.5 4729.5 4729.5 4729.5 4729.5 4729.5 4729.5
4729.5 4729.5 4729.5
e2 0.1 1.0 20.
c 1. fna tally card
f4:n ( 2 < 101 <120[0 0 0]<130) ( 2 < 101 <120[1 0 0]<130)
2 < 101 <120[2 0 0]<130) ( 2 < 101 <120[3 0 0]<130)
2 < 101 <120[4 0 0]<130)
2 < 101 <120[1 1 0]<130) ( 2 < 101 <120[2 1 0]<130)
2 < 101 <120[3 1 0]<130) ( 2 < 101 <120[2 2 0]<130)
2 < 101 <120[2 -1 0]<130) ( 2 < 101 <120[3 -1 0]<130)
2 101 <120[4 -1 0]<130) ( 2 < 101 <120[4 -2 0]<130)
fc4 assembly-averaged track length estimate of flux
fm4 -1.04014796E-01 1 -6 -8
c 4 lines=first row from left etc.
f24:n ( 4 102 <120[5 0 0]<130) ( 4 < 102 <120[6 0 0]<130)
4 < 102 <120[4 1 0]<130) ( 4 < 102 <120[5 1 0]<130)
4 < 102 <120[3 2 0]<130) ( 4 < 102 <120[4 2 0]<130)
4 < 102 <120[3 3 0]<130)
4 < 1C2 <120[5 -1 0]<130) ( 4 < 102 <120[6 -1 0]<130)
4 < 102 <120[5 -2 0<130) ( 4 < 102 <120[6 -2 0]<130)
4 < 102 <120[6 -3 0]<130)
fc24 assembly-averaged track length estimate of flux
fm24 1.04010038E-01 10 -6 -8
( 2 < 101 <120[1 0 0]<130)
flux-- axially segmented cell
-1.04014796E-01 10 -6 -8
-7001 -7002 -7003 -7004 -7005 -7006 -7007 -7008 -7009 -7010
5671.5471 5671.5471 5671.5471 5671.5471 5671.5471 5671.5471
123
7007
7008
7009
7010
c
f94:n
fc94
fm94
fs94
sd94
5671.5471 5671.5471 5671.5471 5671.5471 5671.5471
c
c Ti elastic scattering tally
f44:n (9)
fc44 elastic scattering in Titanium reflector
fm44 5.7116E-02 4 -3
e44:n 0.007 0.03 20.
f54:n (9)
fc54 absorption in Titanium reflector
fm54 5.7116E-02 4 -2
c
n,alpha in titanium reflector
f204:n ( 9 )
fc204 n,alpha in titanium reflector
fm204 -1. 4 107
n,p in titanium reflector
f214:n ( 9 )
fc214 n,p in titanium reflector
fm214 -1. 4 103
material specification
c 1. mm material card
c zaidl fractionl zaid2 fra
c fuel meat Pu/U/Zr ( 7.4234E-02)
ml 92235.10c 4.7514E-05
92238.10c 6.5513E-03
93237.10c 5.2214E-05
94238.10c 1.5789E-05
94239.10c 9.9054E-04
94240.10c 4.5406E-04
94241.10c 1.5592E-05
94242.10c 9.3168E-05
95241.10c 1.1175E-04
95243.10c 8.7630E-06
96244.10c 6.8448E-07
06000.60c 3.7117E-02
14000.60c 2.8775E-02
c fuel meat Pu/U/Zr ( 7.4226E-02)
m10 92235.10c 4.2102E-05
92238.10c 5.8051E-03
93237.10c 7.4593E-05
94238.10c 2.2556E-05
94239.10c 1.4151E-03
94240.10c 6.4868E-04
94241.10c 2.2275E-05
94242.10c 1.3310E-04
95241.10c 1.5964E-04
95243.10c 1.2519E-05
96244.10c 9.7785E-07
6000.60c 3.7113E-02
14000.60c 2.8775E-02
c stainless steel cladding
m3 26000.50c 0.070692
28000.50c 0.000397
24000.50c 0.010769
23000.50c 0.000274
14000.50c 0.000332
42000.50c 0.000486
74000.55c 0.000128
06012.50c 0.000777
25055.50c 0.000509
m4 22000.60c 1.00
c carbon dioxide coolant
ction2 ....
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ c
$ si
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ fuel
$ c
$ si
U235
U238
Np237
Pu238
Pu239
Pu240
Pu241
Pu242
Am241
Am243
Cm244
U235
U238
Np237
Pu238
Pu239
Pu240
Pu241
Pu242
Am241
Am243
Cm244
$ SS cladding
$ -Ni
$ -Cr
$ -V
$ -si
$ -Mo
$ -W
$ -C
$ -Mn
-Fe
$ reflector-Ti
124
c
c
c
c
c
c
c
c
c
c
m8 8016.60c 3.75019E-03 $ 02
6000.60c 1.87509E-03 $ C
c boron carbide shielding
m20 6000.60c 0.20000 $ 99w/o enriched boron carbide
5010.60c 0.7927
5011.60c 0.0070
c
c 7. void material void card
c void
c energy and thermal treatment specification
c
c 1. phys energy physics cutoff cards
c emax emcnf
phys:n 20 0.0
c
c 3. tmp free-gas thermal temperature card
c tln t2n...n=index of time,tln=temp for cell 1 at time n
# tmpl
8.3856:3E-08
2 8.3856'3E-08
3 8.38563E-08
4 8.38563E-08
8 8.38563E-08
9 8.38563E-08
101 8.38563E-08
102 8.38563E-08
110 5.71436E-08
111 5.71436E-08
120 5.71436E-08
130 5.71436E-08
140 5.71436E-08
141 5.71436E-08
150 5.71436E-08
151 5.71436E-08
51 5.71436E-08
52 5.71436E-08
403 7.52393E-08
404 3.9047 SE-08
405 3.90479E-08
406 3.90479E-08
407 3.90479E-08
1000 2.53e-08
c
c 4. thtme thermal times cards
thtme 0
c problem cutoff cards
c
c user data array
c
c periferal cards
c
print -60 -85 -130 -126 -128
125
Table B2. Sample input deck for ODS-clad pin core described in Table 4-2.
GCFR ODS-clad pin Core Co2-50, Uranium and TransUranics,
c Following are the input data to create this mcnp input deck
c TRU enrichment = 14.485
c ODS Cladding
c (U,TRU)C fuel
c lcore pitch Nblocks
c 180.0000 1.8270 127
c Rcool Ncool
c 0.500 91
c rho co2
c 0.1370
c Pu vectors w/o
c Pu238 Pu239 Pu240 Pu241 Pu242
c 0.0100 0.6300 0.2900 0.0100 0.0600
c MA vectors w/o
c Np237 Am241 Am242 Am243 Cm244
c 0.3000 0.6450 0.000 0.0510 0.0040
c
c the above are the input data to create this mcnp input deck
c
c cell specification
c
c mt density geomtry
1 1 5.5634E-02 -1 u=2 imp:n=l vol=148048. $ inner fuel
11 3 -7.2 1 -2 u=2 imp:n=l vol=88866. $ inner cladding
2 8 5.625E-03 2 u=2 imp:n=l vol=296180. $ inner coolant
3 10 5.5634E-02 -1 u=3 imp:n=l vol=160183. $ outer fuel
33 3 -7.2 1 -2 u=3 imp:n=l vol=96150. $ outer cladding
4 8 5.625E-03 2 u=3 imp:n=l vol=320458. $ outer coolant
8 8 5.625E-03 -1 u=4 imp:n=l vol=111111. $ coolant hole
9 4 5.7116E-02 1 u=4 imp:n=l vol=111111. $ Ti radial reflector
15 4 5.7116E-02 -1 u=8 imp:n=l vol=111111 $ Axial Ti reflector
16 3 -7.2 1 -2 u=8 imp:n=l vol=1llllll $ Axial Ti reflector Cladding
17 8 5.625E-03 2 u=8 imp:n=l vol=296180. $ Axial Ti reflector Coolant
18 20 1.3755E-01 -1 u=10 imp:n=l vol=296180. $ Axial B4C shielding
19 3 -7.2 1 -2 u=10 imp:n=l vol=111111 $ Axial B4C shield Cladding
20 8 5.625E-03 2 u=10 imp:n=l vol=296180. $ Axial B4C shield Coolant
101 8 5.625E-03 -21 22 -23 -24 -25 -26 $ inner fuel
imp:n=l u=l lat=2 fill=-6:6 -6:6 0:0
0 0 0 0 0 0 1 1 1 1 1 1 100000122222210000122222221
0 0 0 1 2 2 2 2 2 2 2 2 1
0 0 1 2 2 2 2 2 2 2 2 2 10122222222221122222222222112222222222101222222222100
1 2 2 2 2 2 2 2 2 1 0 0 012222222100001222222100000
1 1 1 1 1 1 1 0 0 0 0 0 0
102 8 5.625E-03 -21 22 -23 -24 -25 -26 $ outer fuel
imp:n=l u=5 lat=2 fill=-6:6 -6:6 0:000000055555550000053333335
0 0 0 0 5 3 3 3 3 3 3 3 5000533333333500533333333350533333333335
126
5 3 3 3 3 3 3 3 3 3 3 5
5 3 3 3 3 3 3 3 3 3 5 0
5 3 3 3 3 3 3 3 3 5 0 0
5 3 3 3 3 3 3 3 5 0 0 0
5 3 3 3 3 3 3 5 0 0 0 0
5 3 3 3 3 3 5 0 0 0 0 0
5 5 5 5 5 5 0 0 0 0 0 0
110 4 5.71163E-02 -21 22 -23 -24 -25 -26 $Ti radial reflector block
imp:n=l u=6 lat=2 fill=-6:6 -6:6 0:0
0 0 C 0 0 0 6 6 6 6 6 6 6
0 0 0 0 0 6 4 4 4 4 4 4 6
0 0 0 0 6 4 4 4 4 4 4 4 6
0 0 ()6 4 4 4 4 4 4 4 4 6
0 0 6 4 4 4 4 4 4 4 4 4 6
0 6 4 4 4 4 4 4 4 4 4 4 6
6 4 4 4 4 4 4 4 4 4 4 4 6
6 4 4 4 4 4 4 4 4 4 4 6 0
6 4 4 4 4 4 4 4 4 4 6 0 0
6 4 4 4 4 4 4 4 4 6 0 0 0
6 4 4 4 4 4 4 4 6 0 0 0 0
6 4 4 4 4 4 4 6 0 0 0 0 0
6 6 6 6 6 6 6 0 0 0 0 0 0
109 8 5.625E-03 -21 22 -23 -24 -25 -26 $Ti axial assembly
imp:n=l u=9 lat=2 fill=-6:6 -6:6 0:00000009999999
0 0 0 0 0 9 8 8 8 8 8 8 9
0 0 0 0 9 8 8 8 8 8 8 8 9
0 0 0 9 8 8 8 8 8 8 8 8 9
0 0 9 8 8 8 8 8 8 8 8 8 9
0 9 8 8 8 8 8 8 8 8 8 8 9
9 8 8 8 8 8 8 8 8 8 8 8 9
9 8 8 8 8 8 8 8 8 8 8 9 0
9 8 8 8 8 8 8 8 8 8 9 0 0
9 8 8 8 8 8 8 8 8 9 0 0 0
9 8 8 8 8 8 8 8 9 0 0 0 0
9 8 8 8 8 8900 0 0
9 9 9 9 9 9 0 0 0 0 0 0
113 8 5.625E-03 -21 22 -23 -24 -25 -26 $B4C axial assembly
imp:n=l u=11 lat=2 fill=-6:6 -6:6 0:0
0 0 C 0 0 0 11 11 11 11 11 11 11
0 0 0 0 0 11 10 10 10 10 10 10 11
0 0 0 0 11 10 10 10 10 10 10 10 11
0 0 011 10 10 10 10 10 10 10 10 11
0 0 11 10 10 10 1010 10 10 10 10 11
0 11 10 10 10 10 10 10 10 10 10 10 11
11 10 10 10 10 10 10 10 10 10 10 10 11
11 10 10 10 10 10 10 10 10 10 1011 0
11 10 10 10 10 10 10 10 10 10 11 0 0
11 10 10 10 10 10 10 10 10 11 0 0 0
11 10 10 10 1010 10 10 11 0 0 0 0
11 10 10 10 10 10 10 11 0 0 0 0 0
11 11 11 11 11 11 11 0 0 0 0 0 0
111 20 1.3755E-01 -21 22 -23 -24 -25 -26 $99w/o enriched boron carbide
imp:n=1 u=7 lat=2 fill=-6:6 -6:6 0:0
0 0 0 0 0 0 7 7 7 7 7 7 7
0 0 0 0 0 7 7 7 7 7 7 7 7
0 0 0 7 7 7 7 7 7 7 7 7
0 0 7 7 7 7 7 7 7 7 7 7
0 0 7 7 7 7 7 7 7 7 7 7 7
0 7 7 7 7 77 777 7
7 7 7 77 7 7 7 7 7 7 7 7
7 7 7 77 7 7 7 7 7 7 7 0
7 7 7 7 7 7 7 7 7 7 7 0 0
127
7777777777000777777777000077777777000007777777000000
120 8 5.6250E-03 -27 -28 -29 30 -31 -32 u=12 lat=2
imp:n=l fill=0:11 -5:5 0:0
0 0 0 0 0 0 0 0 0 0 12 12
0 0 0 0 0 0 0 0 6 7 12 12
0 0 0 0 0 0 5 6 6 7 12 12
0 0 0 0 1 5 5 6 6 7 12 12
0 0 1 1 1 5 5 6 6 7 12 12
1 1 1 1 1 5 5 6 7 12 12 12
0 1 1 1 5 5 6 6 7 12 12 12
0 0 1 5 5 6 6 7 12 12 12 12
0 0 0 5 6 6 7 12 12 12 12 12
0 0 0 0 6 7 12 12 12 12 12 12
0 0 0 0 0 12 12 12 12 12 12 12
130 0 +61 +62 -501 403 -407 fill=12 imp:n=l $ core
131 8 5.6250E-03 -27 -28 -29 30 -31 -32 u=22 lat=2
imp:n=l fill=0:11 -5:5 0:0
0 0 0 0 0 0 0 0 0 0 22 22
0 0 0 0 0 0 0 0 7 7 22 22
0 0 0 0 0 0 11 7 7 7 22 22
0 0 0 0 11 11 11 7 7 7 22 22
0 0 11 11 11 11 11 7 7 7 22 22
11 11 11 11 11 11 11 7 7 22 22 22
0 11 11 11 11 11 7 7 7 22 22 22
0 0 11 11 11 7 7 7 22 22 22 22
0 0 0 11 7 7 7 22 22 22 22 22
0 0 0 0 7 7 22 22 22 22 22 22
0 0 0 0 0 22 22 22 22 22 22 22
132 0 +61 +62 -501 411 -402 fill=22 imp:n=l $ lower shield
140 8 5.6250E-03 -27 -28 -29 30 -31 -32 u=20 lat=2
imp:n=l fill=0:11 -5:5 0:0
0 0 0 0 0 0 0 0 0 0 20 20
0 0 0 0 0 0 0 0 6 7 20 20
0 0 0 0 0 0 9 6 6 7 20 20
0 0 0 0 9 9 9 6 6 7 20 20
0 0 9 9 9 9 9 6 6 7 20 20
9 9 9 9 9 9 9 6 7 20 20 20
0 9 9 9 9 9 6 6 7 20 20 20
0 0 9 9 9 6 6 7 20 20 20 20
0 0 0 9 6 6 7 20 20 20 20 20
0 0 0 0 6 7 20 20 20 20 20 20
0 0 0 0 0 20 20 20 20 20 20 20
141 0 +61 +62 -501 402 -403 fill=20 imp:n=l $ bot ref
150 8 5.6250E-03 -27 -28 -29 30 -31 -32 u=21 lat=2
imp:n=l fill=0:11 -5:5 0:0
0 0 0 0 0 0 0 0 0 0 21 21
0 0 0 0 0 0 0 0 6 7 21 21
0 0 0 0 0 0 9 6 6 7 21 21
0 0 0 0 9 9 9 6 6 7 21 21
0 0 9 9 9 9 9 6 6 7 21 21
9 9 9 9 9 9 9 6 7 21 21 21
0 9 9 9 9 9 6 6 7 21 21 21
0 0 9 9 9 6 6 7 21 21 21 21
0 0 0 9 6 6 7 21 21 21 21 21
0 0 0 0 6 7 21 21 21 21 21 21
0 0 0 0 0 21 21 21 21 21 21 21
151 0 +61 +62 -501 407 -408 fill=21 imp:n=l $ up ref
133 8 5.6250E-03 -27 -28 -29 30 -31 -32 u=23 lat=2
imp:n=l fill=0:11 -5:5 0:0
0 0 0 0 0 0 0 0 0 0 23 23
128
0 0 ) 0 0 0 0 0 7 7 23 23
0 0 0 0 0 0 11 7 7 7 23 23
0 0 C 0 11 11 11 7 7 7 23 23
0 0 11 11 11 11 11 7 7 7 23 23
11 11 11 11 11 11 11 7 7 23 23 23
0 11 11 11 11 11 7 7 7 23 23 23
0 0 11 11 11 7 7 7 23 23 23 23
0 0 C 11 7 7 7 23 23 23 23 23
0 0 0 0 7 7 23 23 23 23 23 23
0 0 0 0 0 23 23 23 23 23 23 23
134 0 +61 +62 -501 408 -418 fill=23 imp:n=l $ upper shield
51 3 -7.2 -501 61 62 401 -411 imp:n=l $ lower plate
c 52 3 -7.2 -501 61 62 408 -409 imp:n=l $ upper plate
403 8 5.625E-03 61 62 -501 418 -410 imp:n=l $ chimney
404 8 5.625E-03 61 62 -503 400 -401 imp:n=l $ l.plenum
405 3 -7.2 501 -502 61 62 401 -410 imp:n=l $ core barrel
406 8 5.625E-03 502 -503 61 62 401 -410 imp:n=l $ downcomer
407 3 -7.2 503 -504 61 62 400 -410 imp:n=l $ vessel wall
1000 0 -61:-62: 504:-400:410 imp:n=0 $ outside
c end of cell specification
c
c surface specification
c
card constants for equations
0.5828
0.6966
0.25
0.913500000
-0.913500000
0.913500000
-0.913500000
5.176500000
-5.176500000
5.176500000
-5.176500000
-54.810000000
0.913500
-0.913500
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
8.965961
-8.965961
0.00000000
0.00000000
0.00000000
0.0
0
10.00
60.
110.0
160.000
370.000
420.00
470.0
670.000
165.
168.
208.
223.
241.818182
263.636364
285.454545
307.272727
329.090909
350.909091
372.727273
394.545455
p 0.527409471
p -0.527409471
p -0.5:27409471
p 0.527409471
p 8.965961005
p -8.965961005
PY
PY
p -8.965961005
p 8.965961005
p 94.933704763
PY
pz
pz
pz
pz
pz
pz
pz
pz
pz
cz
cz
C Z
CZ
pz
pz
pz
pz
pz
pz
pz
pz
$ coolant chann
$ clad outer
$coolant hole
00 $ plane 1
00 $ plane 2
0 0.963577103 $ plane
0 0.963577103 $ plane
0 0.963577103 $ plane
0 0.963577103 $ plane
0 92.824594288 $ plane
0 92.824594288 $ plane
005 $ plane 3
005 $ plane 4
0 92.824594288 $ plane
0 92.824594287 $ plane
)0 0.000000000 $ symmet
$ symmetry
$ bottom boundary
$ lower plate-bottom
$ lower shield bottom
$ lower refl-bot
$ core-bottom
$ core-top
$ upper ref-top
$ upper shield top
$ top boundary
$ barrel in
$ barrel out
$ vessel in
$ vessel out
$ segment surface
$ segment surface
$ segment surface
$ segment surface
$ segment surface
$ segment surface
$ segment surface
$ segment surface
129
tr-n
cz
cz
cz
px
px
c
1
2
3
21
2 2
23
24
25
26 
27
28
293
3()0
31
32
* 61
* 62
4 C)O 0
411
4 C)2
403
407
408
418
410
501
502
503
504
7001
7002
7003
7004
7005
7006
7007
7008
pz
pz
end of surface specification
416.363636
438.181818
$ segment surface
$ segment surface
c
c data specification
c
c problem type
mode n
c
c cell and surface parameters
c
c source specification
c
c 9. kcode criticality source card
c nsrck rkk ikz kct msrk knrm
kcode 60000 1.0 3 50
prdmp 50 50
c
c 10. ksrc source point for kcode calculation
c xl yl zl... location for initial source point
c ksrc 0.01 0.01 251. 0.01 0.01 292.
c 0.01 0.01 340. 0.01 0.01 388.
c 0.01 0.01 425.
c f15:n 207. 1. 340. +0.98
c f25:n 179.2673 1. 340. +0.98
c e15 1. 20.
c e25 1. 20.
c Flux tally at surface of reactor vessel
c f2:n 503
c fc2 flux tally at surface of reactor vessel
c fs2 -7001 -7002 -7003 -7004 -7005 -7006 -7007 -7008 -7009 -7010
c sd2 4729.5 4729.5 4729.5 4729.5 4729.5 4729.5 4729.5 4729.5
c 4729.5 4729.5 4729.5
c e2 0.1 1.0 20.
c 1. fna tally card
f4:n ( 1 < 101 <120[0 0 0]<130)
1 < 101 <120[2 0 0]<130)
1 < 101 <120[4 0 0]<130)
1 < 101 <120[1 1 0]<130)
1 < 101 <120[3 1 0]<130)
1 < 101 <120[2 -1 0]<130)
1 < 101 <120[4 -1 0]<130)
fc4 assembly-averaged track lengl
fm4 -1.04014796E-01 1 -6 -8
c 4 lines=first row from left etc
f24:n ( 3 < 102 <120[5 0 0]<130)
3 < 102 <120[4 1 0]<130)
3 < 102 <120[3 2 0]<130)
3 < 102 <120[3 3 0]<130)
3 < 102 <120[5 -1 0]<130
3 < 102 <120[5 -2 0]<130
( 3 < 102
1 < 101 <120[1 0 0]<130)
1 < 101 <120[3 0 0]<130)
1 < 101 <120[2 1 0]<130)
1 < 101 <120[2 2 0]<130)
1 < 101 <120[3 -1 0]<130)
1 < 101 <120[4 -2 0]<130)
th estimate of flux
3 < 102 <120[6 0 0]<130)
3 < 102 <120[5 1 0]<130)
3 < 102 <120[4 2 0]<130)
3 < 102 <120[6 -1 0]<130)
3 < 102 <120[6 -2 0<130)
<120[6 -3 0]<130)
fc24 assembly-averaged track length estimate of flux
fm24 -1.04010038E-01 10 -6 -8
c
c f94:n ( 1 < 101 <120[1 0 0]<130)
c fc94 flux- axially segmented cell
c fm94 -1.04014796E-01 10 -6 -8
c fs94 -7001 -7002 -7003 -7004 -7005 -7006 -7007 -7008 -7009 -7010
c sd94 5671.5471 5671.5471 5671.5471 5671.5471 5671.5471 5671.5471
c 5671.5471 5671.5471 5671.5471 5671.5471 5671.5471
c material specification
130
7009
7010
c
C
c 1. mm material card
c zaidl fractionl
c fuel meat Pu/U/Zr ( 5
ml 06000.10c
92235.10c
92238.10c
93237.10c
94238.10c
94239.10c
94240.10c
94241.10c
94242.10c
95241.10c
95243.10c
96244.10c
c fuel meat Pu/U/Zr ( 5
m10 6000.10c
92235.10c
9:2238 .10c
913237.10c
94238.10c
94239.10c
94240.10c
94241.10c
94242.10c
95241.10c
95243.10c
96244.10c
c ODS steel
m3 26054.10c
26056.10c
26057.10c
26058.10c
c 26000.50c
24050.10c O
2405;2.10c
24053.10c
24054.10c
c 24000.50c
130:27.10c
22000.60c
06000.50c
390839.60c
080:L6.50c
c
m4
zaid2 fraction2 ....
.5632E-02)
2.7818E-02
1.7144E-04
2.3638E-02
1.2005E-04
3. 6301E-05
2.2774E-03
1.0440E-03
3.5850E-05
2.1421E-04
2.5692E-04
2. 0148E-05
1.5737E-06
.5608E-02)
2. 7818E-02
1. 7144E-04
2.3638E-02
1.2005E-04
3. 6301E-05
2.2774E-03
1.0440E-03
3.5850E-05
2 .1421E-04
2.5692E-04
2. 0148E-05
1.5737E-06
-.042454
-.684431
-.01595
-.002164
-0.745
-.008347
-.167402
-.019345
-.004907
-0.200
-0.045
-0.005
-0.0005
-0.00394
-0.00106
22000.10c 1.00
c
c carbon dioxide coolant
m8 8016.10c 3.75019E-03
6000.10c 1.87509E-03
c boron carbide sh
m20 6000.60c
50C10.60c
5011.60c
ielding
0.20000
0.7927
0.0070
$ C
$ fuel U235
$ fuel U238
$ fuel Np237
$ fuel Pu238
$ fuel Pu239
$ fuel Pu240
$ fuel Pu241
$ fuel Pu242
$ fuel Am241
$ fuel Am243
$ endmcode ACT
$ C
$ fuel U235
$ fuel U238
$ fuel Np237
$ fuel Pu238
$ fuel Pu239
$ fuel Pu240
$ fuel Pu241
$ fuel Pu242
$ fuel Am241
$ fuel Am243
$ end mcode ACT
$ Fe
$ Cr
$ Al
$ Ti
$ C
$ Y
$ 
$ reflector-Ti
$ 02
$ 99w/o enriched boron carbide
c
c 7. void material void card
c void
c energy and thermal treatment specification
c
c 1. phys energy physics cutoff cards
c emax emcnf
phys:n 20 0.0
131
c
c 3. tmp free-gas thermal temperature card
c tin t2n...n=index of time,tln=temp for cell 1 at time n
# tmpl
1 8.38563E-08
11 8.38563E-08
2 8.38563E-08
3 8.38563E-08
33 8.38563E-08
4 8.38563E-08
8 8.38563E-08
9 8.38563E-08
15 8.38563E-08
16 8.38563E-08
17 8.38563E-08
18 8.38563E-08
19 8.38563E-08
20 8.38563E-08
101 8.38563E-08
102 8.38563E-08
109 5.71436E-08
110 5.71436E-08
111 5.71436E-08
113 8.38563E-08
120 5.71436E-08
130 5.71436E-08
131 5.71436E-08
132 5.71436E-08
140 5.71436E-08
133 5.71436E-08
134 5.71436E-08
141 5.71436E-08
150 5.71436E-08
151 5.71436E-08
51 5.71436E-08
403 7.52393E-08
404 3.90479E-08
405 3.90479E-08
406 3.90479E-08
407 3.90479E-08
1000 2.53e-08
c
c 4. thtme thermal times cards
thtme 0
c problem cutoff cards
c
c user data array
c
c periferal cards
c
print -60 -85 -130 -126 -128
132
Table B3. Sample input deck for reference tube-in-duct assembly described in Table 4-4.
GCFR Oxide VIPAC Tube-In-Duct Core Co2-50, Uranium and TransUranics,
c the following are the input data to create this mcnp input deck
c TRU enrichment = 13.2% , 85% theoretical density
c ODS Cladding
c (U,TRU)02 fuel
c lcore pitch Nblocks
c 180.0000 1.8270 127
c Rcool Ncool
c 0.500 91
c rho co2
c 0.1370
c Pu vectors w/o
c Pu238 Pu239 Pu240 Pu241 Pu242
c 0.0100 0.6300 0.2900 0.0100 0.0600
c MA vectors w/o
c Np237 Am241 Am242 Am243 Cm244
c 0.3000 0.6450 0.000 0.0510 0.0040
c
c the above are the input data to create this mcnp input deck
c
c shielding blocks of boron carbide at 2.38 g/cc
c cell specification
c
c mt density geomtry
1 1 6.2964E--02 2 u=2 imp:n=l vol=148048. $ inner fuel
11 3 -7.2 1 --2 u=2 imp:n=l vol=88866. $ inner cladding
2 8 5.625E-03 -1 u=2 imp:n=l vol=296180. $ inner coolant
3 10 6.2964E-02 2 u=3 imp:n=l vol=160183. $ outer fuel
33 3 -7.2 1 --2 u=3 imp:n=l vol=96150. $ outer cladding
4 8 5.625E-03 -1 u=3 imp:n=l vol=320458. $ outer coolant
8 8 5.625E-03 -3 u=4 imp:n=l vol=111111. $radial reflector coolant hole
9 4 5.7116E-02 3 u=4 imp:n=l vol=llllll.$ Ti radial reflector
15 4 5.7116E--02 2 u=8 imp:n=l vol=llllll $ Axial Ti reflector
16 3 -7.2 1 -2 u=8 imp:n=l vol=llll111111l $ Axial Ti reflector Cladding
17 8 5.625E-03 -1 u=8 imp:n=l vol=296180.$ Axial Ti reflector Coolant
18 20 1.3755E-01 2 u=10 imp:n=l vol=296180. $ Axial B4C shielding
19 3 -7.2 1 -2 u=10 imp:n=l vol=111111 $ Axial B4C shield Cladding
20 8 5.625E-03 -1 u=10 imp:n=l vol=296180. $ Axial B4C shield Coolant
101 1 6.2964E-02 -21 22 -23 -24 -25 -26 $ inner fuel
imp:n=l u=l lat=2 fill=-6:6 -6:6 0:0
0 0 0 0 0 0 1 1 1 1 1 1 10000012222221000012222222100012222222210012222222221
0 1 2 2 2 2 2 2 2 2 2 2 112222222222211222222222210
2 2 2 2 2 2 2 2 2 1 0 0122222222100012222222100001222222100000
1 1 1 1 1 1 1 0 0 0 0 0 0
501 3 -7.2 -27 -28 -29 30 -31 -32 $ part inside wall
imp:n=l u=30 lat=2 fill=-l:l -1:1 0:0
30 30 30
30 1 30
30 30 30
102 10 6.2964E-02 -21 22 -23 -24 -25 -26 $ outer fuel
imp:n=l u=5 lat=2 fill=-6:6 -6:6 0:0
133
0000005555555000005333333500005333333350005333333335005333333333505333333333355333333333335533333333335053333333335005333333335000533333335000053333335000005555555000000
502 3 -7.2 -27 -28 -29 30 -31 -32 $ part inside wall
imp:n=l lat=2 u=31 fill=-1:l -1:1 0:0
31 31 31
31 5 31
31 31 31
110 4 5.71163E-02 -21 22 -23 -24 -25 -26 $Ti radial reflector block
imp:n=l u=6 lat=2 fill=-6:6 -6:6 0:00000006666666000006444444600006444444460006444444446006444444444606444444444466444444444446644444444446064444444446006444444446000644444446000064444446000006666666000000
109 4 5.71163E-02 -21 22 -23 -24 -25 -26 $Ti axial assembly
imp:n=l u=9 lat=2 fill=-6:6 -6:6 0:00000009999999000009888888900009888888890009888888889009888888888909888888888899888888888889988888888889098888888889009888888889000988888889000098888889000009999999000000
113 20 1.3755E-01 -21 22 -23 -24 -25 -26 $B4C axial assembly
imp:n=l u=11 lat=2 fill=-6:6 -6:6 0:0
0 0 0 0 0 0 11 11 11 11 11 11 11
0 0 0 0 0 11 10 10 10 10 10 10 11
0 0 0 0 11 10 10 10 10 10 10 10 11
0 0 0 11 10 10 10 10 10 10 10 10 11
0 0 11 10 10 10 10 10 10 10 10 10 11
0 11 10 10 10 10 10 10 10 10 10 10 11
11 10 10 10 10 10 10 10 10 10 10 10 11
11 10 10 10 10 10 10 10 10 10 10 11 0
11 10 10 10 10 10 10 10 10 10 11 0 0
11 10 10 10 10 10 10 10 10 11 0 0 0
11 10 10 10 10 10 10 10 11 0 0 0 0
11 10 10 10 10 10 10 11 0 0 0 0 0
11 11 11 11 11 11 11 0 0 0 0 0 0
134
513 3 -7.2 -27 -28 -29 30 -31 -32 $ part inside wall
imp:n=l lat=2 u=33 fill=-1:1 -1:1 0:0
33 33 33
33 11 33
31 33 33
111 20 1.3755E-01 -21 22 -23 -24 -25 -26 $99w/o enriched boron carbide
imp:n=l u=7 lat=2 fill=-6:6 -6:6 0:0
0 0 C 0 0 0 7 7 7 7 7 7 7
0 0 C 0 0 7 7 7 7 7 7 7 7  0 7  7 770000777777777
00 0 7 7 7 7 7 7 7 7 7 7
0 0 7 7 7 7 7 7 7 7 7 7 70777777777777
7777777777777
777777777777077777777777007777777777000777777777000077777777000007777777000000
120 8 5.6250E-03 -47 -48 -49 50 -51 -52 u=12 lat=2
imp::n=l fill=0:11 -5:5 0:0
0 0 0 0 0 0 0 0 0 0 12 12
0 0 0 0 0 0 0 0 6 7 12 12
0 0 0 0 0 0 31 6 6 7 12 12
0 0 0 0 30 31 31 6 6 7 12 12
0 0 30 30 30 31 31 6 6 7 12 12
30 30 30 30 30 31 31 6 7 12 12 12
0 30 30 30 31 31 6 6 7 12 12 12
0 0 30 31 31 6 6 7 12 12 12 12
0 0 0 31 6 6 7 12 12 12 12 12
0 0 0 0 6 7 12 12 12 12 12 12
0 0 0 0 0 12 12 12 12 12 12 12
130 0 +61 +62 -501 403 -407 fill=12 imp:n=l $ core
131 8 5.6250E-03 -47 -48 -49 50 -51 -52 u=22 lat=2
imp:n=1 fill=0:11 -5:5 0:0
0 0 0 0 0 0 0 0 0 0 22 22
0 0 0 0 0 0 0 0 7 7 22 22
0 0 0 0 0 0 33 7 7 7 22 22
0 0 0 0 33 33 33 7 7 7 22 22
0 0 33 33 33 33 33 7 7 7 22 22
33 33 33 33 33 33 33 7 7 22 22 22
0 33 33 33 33 33 7 7 7 22 22 22
0 0 33 33 33 7 7 7 22 22 22 22
0 0 0 33 7 7 7 22 22 22 22 22
0 0 0 0 7 7 22 22 22 22 22 22
0 0 0 0 0 22 22 22 22 22 22 22
132 0 +61 +62 -501 411 -402 fill=22 imp:n=l $ lower shield
140 8 5.6250E-03 -47 -48 -49 50 -51 -52 u=20 lat=2
imp:n=1 fill=0:11 -5:5 0:0
0 0 0 0 0 0 0 0 0 0 20 20
0 0 0 0 0 0 0 0 6 7 20 20
0 0 C0 0 0 0 9 6 6 7 20 20
0 0 C 0 9 9 9 6 6 7 20 20
0 0 9c 9 9 9 9 6 6 7 20 20
9 9 9 9 9 9 6 7 20 20 20
0 9 9 9 9 6 6 7 20 20 20
0 0 9 9 9 6 6 7 20 20 20 20
0 0 0 9 6 6 7 20 20 20 20 20
0 0 0 0 6 7 20 20 20 20 20 20
0 0 0 0 0 2020202020 20 20
141 0 +61 +62 -501 402 -403 fill=20 imp:n=l $ bot ref
150 B 5.6250E-03 -47 -48 -49 50 -51 -52 u=21 lat=2
135
imp:n=l fill=0:11 -5:5 0:0
0 0 0 0 0 0 0 0 0 0 21 21
0 0 0 0 0 0 0 0 6 7 21 21
0 0 0 0 0 0 9 6 6 7 21 21
0 0 0 0 9 9 9 6 6 7 21 21
0 0 9 9 9 9 9 6 6 7 21 21
9 9 9 9 9 9 9 6 7 21 21 21
0 9 9 9 9 9 6 6 7 21 21 21
0 0 9 9 9 6 6 7 21 21 21 21
0 0 0 9 6 6 7 21 21 21 21 21
0 0 0 0 6 7 21 21 21 21 21 21
0 0 0 0 0 21 21 21 21 21 21 21
0 +61 +62 -501 407 -408 fill=21 imp:n=l $ up ref
8 5.6250E-03 -47 -48 -49 50 -51 -52 u=23 lat=2
imp:n=l fill=0:11 -5:5 0:0
0 0 0 0 0 0 0 0 0 0 23 23
0 0 0 0 0 0 0 0 7 7 23 23
0 0 0 0 0 0 33 7 7 7 23 23
0 0 0 0 33 33 33 7 7 7 23 23
0 0 33 33 33 33 33 7 7 7 23 23
33 33 33 33 33 33 33 7 7 23 23 23
0 33 33 33 33 33 7 7 7 23 23 23
0 0 33 33 33 7 7 7 23 23 23 23
0 0 0 33 7 7 7 23 23 23 23 23
0 0 0 0 7 7 23 23 23 23 23 23
0 0 0 0 0 23 23 23 23 23 23 23
0 +61 +62 -501 408 -418 fill=23 imp:n=l $ upper shield
3 -7.2 -501 61 62 401 -411 imp:n=l $ lower plate
52 3 -7.2 -501 61 62 408 -409 imp:n=l $ upper plate
8 5.625E-03 61 62 -501 418 -410 imp:n=l $ chimney
8 5.625E-03 61 62 -503 400 -401 imp:n=l $ l.plenum
3 -7.2 501 -502 61 62 401 -410 imp:n=l $ core barrel
8 5.625E-03 502 -503 61 62 401 -410 imp:n=l $ downcomer
3 -7.2 503 -504 61 62 400 -410 imp:n=l $ vessel wall
0 -61:-62: 504:-400:410 imp:n=0 $ outside
end of cell specification
c
c surface specification
c
c trn card constants for equations
cz
cz
cz
px
px
p
p
p
p
p
P
py
p
p
p
PY
pP
PpP
P
0.527409471
-0.527409471
-0.527409471
0.527409471
8.965961005
-8.965961005
-8.965961005
8.965961005
94.933704763
0.5045
0.6045
0.25
0.913500000
-0.913500000
0.913500000
-0.913500000
5.176500000
-5.176500000
5.176500000
-5.176500000
-54.810000000
1.73205080756888 1.0000
-1.73205080756888 -1.0000
-1.73205080756888 1.0000
$ coolant chann
$ clad outer
$coolant hole
0.91350000 $ plane 1
-0.91350000 $ plane 2
0.000000000 0.963577103 $ plane
0.000000000 0.963577103 $ plane
0.000000000 0.963577103 $ plane
0.000000000 0.963577103 $ plane
0.000000000 92.824594288 $ plane
0.000000000 92.824594288 $ plane
8.965961005 $ plane 3
-8.965961005 $ plane 4
0.000000000 92.824594288 $ plane
0.000000000 92.824594287 $ plane
0.000000000 0.000000000 $ symmet
0.0 $ symmetry
0.000000000 18.3319220107606 $plane
0.000000000 18.3319220107606 $plane
9.16596100538029
-9.16596100538029
0.000000000 18.3319220107606 $plane
136
151
133
134
51
c
403
404
405
406
407
1000
c
1
2
3
21
22
23
24
25
26
27
28
29
30
31
32
*61
*62
47
48
49
50
51
p
pz
pz
pz
pz
pz
pz
pz
pz
pz
cz
cz
cz
cz
Pt
P2
p2P2
P2
pz
P2
p.
end c
1.73205080756888 -1.0000 0.00000(
0
10.00
60.
110. 0
160.000
370.000
420.00
470.0
670 .000
168.
171.
208.
223.
241.818182
263.636364
285.454545
307.272727
329.090909
350.909091
372.727273
394.545455
416.363636
438.181818
0000 18.3319220107606
$ bottom boundary
$ lower plate-bottom
$ lower shield bottom
$ lower refl-bot
$ core-bottom
$ core-top
$ upper ref-top
$ upper shield top
$ top boundary
$ barrel in
$ barrel out
$ vessel in
$ vessel out
$ segment surface
$ segment surface
$ segment surface
$ segment surface
$ segment surface
$ segment surface
$ segment surface
$ segment surface
$ segment surface
$ segment surface
surface specification
c
c data specification
c
c problem type
mode n
c
c cell and surface parameters
c
c source specification
c
c
c
kcode
prdmp
c
9. kcode criticality source card
nsrck rkk ikz kct msrk knrm
50000 1.0 5 55
55 55
c 10. ksrc source point for kcode calculation
c xl yl zl... location for initial source point
c ksrc 0.01 0.01 251. 0.01 0.01 292.
c 0.01 0.01 340. 0.01 0.01 388.
c 0.01 0.01 425.
c fl5:n 207. 1. 340. +0.98
c f25:n 179.2673 1. 340. +0.98
c el5 1. 20.
c e25 1. 20.
c Flux tally at surface of reactor vessel
c f2:n 503
c fc2 flux tally at surface of reactor vessel
c fs2 -7001 -7002 -7003 -7004 -7005 -7006 -7007 -7008 -7009 -7010
c sd2 4729.5 4729.5 4729.5 4729.5 4729.5 4729.5 4729.5 4729.5
c 4729.5 4729.5 4729.5
c e2 0.1 1.0 20.
c 1. fna tally card
c f4:n ( 1 < 101 <120[0 0 0]<130) ( 1 < 101 <120[1 0 0]<130)
c ( 1 < 101 <120[2 0 0]<130) ( 1 < 101 <120[3 0 0]<130)
c ( 1 < 101 <120[4 0 0]<130)
c ( 1 < 101 <120[1 1 0]<130) ( 1 < 101 <120[2 1 0]<130)
c ( 1 < 101 <120[3 1 0]<130) ( 1 < 101 <120[2 2 0]<130)
137
$plane52
400
401
411
402
403
407
408
418
410
501
502
503
504
7001
7002
7003
7004
7005
7006
7007
7008
7009
7010
c of
c ( 1 < 101 <120[2 -1 0]<130) ( 1 < 101 <120[3 -1 0]<130)
c ( 1 < 101 <120[4 -1 0]<130) ( 1 < 101 <120[4 -2 0]<130)
c fc4 assembly-averaged track length estimate of flux
c fm4 -1.04014796E-01 1 -6 -8
c 4 lines=first row from left etc.
c f24:n ( 3 < 102 <120[5 0 0]<130) ( 3 < 102 <120[6 0 0]<130)
c ( 3 < 102 <120[4 1 0]<130) ( 3 < 102 <120[5 1 0]<130)
c ( 3 < 102 <120[3 2 0]<130) ( 3 < 102 <120[4 2 0]<130)
c ( 3 < 102 <120[3 3 0]<130)
c ( 3 < 102 <120[5 -1 0]<130) ( 3 < 102 <120[6 -1 0]<130)
c ( 3 < 102 <12015 -2 0]<130) ( 3 < 102 <120[6 -2 0]<130)
c ( 3 < 102 <120[6 -3 0]<130)
c fc24 assembly-averaged track length estimate of flux
c fm24 -1.04010038E-01 10 -6 -8
c
c f94:n ( 1 < 101 <120[1 0 0]<130)
c fc94 flux- axially segmented cell
c fm94 -1.04014796E-01 10 -6 -8
c fs94 -7001 -7002 -7003 -7004 -7005 -7006 -7007 -7008 -7009 -7010
c sd94 5671.5471 5671.5471 5671.5471 5671.5471 5671.5471 5671.5471
c 5671.5471 5671.5471 5671.5471 5671.5471 5671.5471
c material specification
c
c 1. mm material card
c zaidl fractionl zaid2 fraction2 ..
c fuel meat Pu/U/Zr ( E-02)
ml 08016.10c
92235.10c
92238.10c
93237.10c
94238.10c
94239.10c
94240.10c
94241. 10c
94242.10c
95241.10c
95243.10c
96244.10c
c fuel meat Pu/U/Zr
m10 08016.10c
92235.10c
92238.10c
93237.10c
94238.10c
94239.10c
94240.10c
94241.10c
94242.10c
95241.10c
95243.10c
96244.10c
c ODS steel
m3 26054.10c
26056.10c
26057.10c
26058.10c
c 26000.50c
24050.10c
24052.10c
24053.10c
24054.10c
c 24000.50c
13027.10c -
4.1976E-02
1.3128E-04
1.8101E-02
8.2533E-05
2.4957E-05
1.5657E-03
7.1774E-04
2.4647E-05
1.4727E-04
1.7664E-04
1.3852E-05
1.0819E-06
E-02)
4.1976E-02
1. 3128E-04
1.8101E-02
8.2533E-05
2.4957E-05
1.5657E-03
7.1774E-04
2.4647E-05
1.4727E-04
1.7664E-04
1.3852E-05
1 .0819E-06
-.042454
-.684431
-.01595
-.002164
-0.745
-.008347
-.167402
-.019345
-.004907
-0.200
0.045
$ 0
$ fuel U235
$ fuel U238
$ fuel Np237
$ fuel Pu238
$ fuel Pu239
$ fuel Pu240
$ fuel Pu241
$ fuel Pu242
$ fuel Am241
$ fuel Am243
$ endmcode ACT
$ o
$ fuel U235
$ fuel U238
$ fuel Np237
$ fuel Pu238
$ fuel Pu239
$ fuel Pu240
$ fuel Pu241
$ fuel Pu242
$ fuel Am241
$ fuel Am243
$ end mcode ACT
$ Fe
$ Cr
$ Al
138
2200C'.60c -0.005 $ Ti
06000.50c -0.0005 $ C
39089.60c -0.00394 $ Y
08016.50c -0.00106 $ O
c
m4 22000.10c 1.00 $ reflector-Ti
c
c carbon dicxide coolant
m8 8016.10c 3.75019E-03 $ 02
6000.10c 1.87509E-03 $ C
c boron carbide shielding
m20 6000.60c 0.20000 $ 99w/o enriched boron carbide
5010.60c 0.7927
5011.60c 0.0070
c
c 7. void material void card
c void
c energy and thermal treatment specification
c
c 1. phys energy physics cutoff cards
c emax emcnf
phys:n 20 0.0
c
c 3. tmp free-gas thermal temperature card
c tin t2n..n=index of time,tln=temp for cell 1 at time n
# tmpl 1
I 8.38563E-08
11 8.38563E-08
2 8.38563E-08
3 8.38563E-08
33 8.38563E-08
4 8.38563E-08
8 8.38563E-08
93 8.38563E-08
15 8.38563E-08
16 8.3856:3E-08
17 8.38563E-08
18 8.38563E-08
19 8.38563E-08
20 8.38563E-08
101 8.38563E-08
501 8.38563E-08
102 8.38563E-08
502 8.38563E-08
109 5.71436E-08
110 5.71436E-08
111 5.71436E-08
113 8.38563E-08
513 8.38563E-08
120 5.71436E-08
130 5.71436E-08
131 5.71436E-08
132 5.71436E-08
140 5.71436E-08
133 5.71436E-08
134 5.71436E-08
141 5.71436E-08
150 5.71436E-08
151 5.71436E-08
51 5.71436E-08
403 7.52393E-08
404 3.90479E-08
405 3.90479E-08
139
406 3.90479E-08
407 3.90479E-08
1000 2.53e-08
c
c 4. thtme thermal times cards
thtme 0
c problem cutoff cards
c
c user data array
c
c periferal cards
c
print -60 -85 -130 -126 -128
140
